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Abstract

Over the last four years, vast improvements have been made in the area of VCSEL
technology, moving them toward integration as smart pixels. VCSEL design such as
tapered oxide apertures, mirror doping schemes, and improved active regions have
benefited greatly during this time period. 850-nm VCSELs with strained
AlInGaAs/AlGaAs active layers were fabricated with current thresholds as low as 156 A
from a 2.8 m device. Tapered apertures have been successfully integrated into 980-nm
devices for use in free-space optical links with data transmission at 3 Gbit/s with a
BER’<°10"2 Tapered apertures as well as improved doping schemes were used to
improve broad area VCSEL characteristics and achieve slope efficiencies of 55 and 58%
for devices of 1.5 A and 2.5 m respectively. And, for devices 2-3 m in diameter, wall-
plug efficiencies as high as 20% at only 150 W were obtained. Finally, an easy to use
graphical user interface and modeling program has been developed to estimate the optical
scattering losses in oxide-defined VCSELSs.

Subject terms

Semiconductor lasers, VCSEL, smart pixels, microlens, free-space interconnects, tapered
apertures.

Introduction

The goal of this AFOSR program was to develop a new generation of very low-power,
high-speed devices and circuits for use in free-space interconnect architectures. The
transceivers used in these free-space links were ultralow-threshold, high-efficiency
VCSELs with integrated microlenses. The VCSELS, along with low-power, high-speed
_ transceiver circuits, and compatible detector arrays form the smart pixel building block.
Wavelength encoding of the arrays for lower crosstalk higher packing density and
wavelength routing was also studied.

Much of the work on these VCSEL-based smart pixels is included in Dr. Eric Hegblom’s
Ph.D. thesis which we included as Appendix 1 to serve as the detailed content of this
report. However, in order to provide an introduction to its contents we here briefly
summarize the material contained in its various chapters.

Thesis summary

Chapter 1

This chapter describes the key applications for ultralow-threshold, high-efficiency
VCSELSs for use in free-space optics. It describes the evolution of VCSELSs from channel
links over multimode fiber to board-to-board and ultimately chip-to-chip interconnects
within computers. It also depicts the use of VCSELs as smart pixels for improved speed
in laser printing..




Chapter 2

Chapter 2 describes the benefits of scaling VCSELs to smaller sizes. Proper scaling is
essential for ultralow-threshold, high-efficiency smart pixels. The chapter introduces
methods for improved scaling by using oxide apertures to confine both the current and
the optical mode.

Chapter 3 : _

In order to achieve ideal scaling of VCSELSs, it is necessary to improve the broad-area
characteristics of VCSELs. This chapter focuses on the design of VCSELSs, particularly
the design of the mirrors. It describes the tradeoffs between increased free carrier
absorption loss and lower electrical resistance, and for the first time derives the ideal
carrier profile based on the loss-resistance product.

Chapter 4

Chapter 4 contains the bulk of the theoretical calculations for apertured VCSELs. The
calculations are intended to estimate the reduction of optical scattering losses due to
tapered apertures. Figure 1 illustrates the concept of optical scattering losses at the oxide
aperture.

DBR Dielectric Aperture (e.g. oxide)

v
« Abrupt aperture cannot exactly compensate

for diffraction -> scattering loss
; b P

« Parabolic aperture (lens) can exactly compensate
for diffraction -> no scattering loss :

Figure 1. Schematic of a propagating mode inside a VCSEL with an
abrupt aperture and with a tapered aperture to form a lens.




As illustrated in Figure 1, when a mode propagates through the structure, an abrupt
aperture cannot perfectly refocus the mode. A perfect, parabolic lens can exactly
compensate for the mode's diffraction, however, making an actual lens is not possible if
current is to flow through the aperture.

- An iterative approach was used to solve for the optical losses in the VCSEL structure due

to diffraction.  The results are summarized in Figure 2. From the figure, it is apparent
that thin apertures with tapers ~1um can reduce the optical losses to negligible values.
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Figure 2. Theoretical results of an iterative model for the optical mode in a
VCSEL. (a) Scattering (excess) loss versus mode radius for various
aperture shapes (b) Schematic showing the aperture effective thickness.

The chapter ends by explaining how ultimately designs with single apertures can not
confine the smallest of modes without being limited by the angular stop-band of the DBR

‘mirrors. An effective mirror length model called the ray penetration depth, is introduced

to describe this effect.

Chapter 5

Chapter 5 addresses the limit on device scaling due to current spreading. Current spreads
between the aperture and the active region, as illustrated in Figure 3a. This spreading
affects both the threshold current density and the injection efficiency above threshold.
The analysis of Chapter 5 quantifies-these two effects with a simple formula that can
easily be applied to device designs. Figure 3b. shows measured threshold currents for
various device sizes and fits the data to the current spreading model developed in this
chapter.
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Figure 3. (a) Current spreads between the aperture and the active region
(b) Threshold currents increase for small sizes due to current spreading

Chapter 6

Chapter 6 summarizes the device results for the fabricated VCSELs. Analysis from
Chapter 4 directed device designs toward thin apertures or tapered apertures at a standing
wave null. With these designs, scattering losses have been virtually eliminated, resulting
in record efficiencies for devices smaller than 2um in diameter. Equally as important,
devices 2-3um in diameter reached wall-plug efficiencies for 20% at only 150uW of
output power. Figure 4 below, depicts these results.
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Figure 4. (a) Light versus current for devices <3pum differential efficiencies are
labeled for each curve (b) Wall-plug efficiencies for devices 1-5pm in diameter
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Chapter 7

This chapter describes how tapered apertures are formed. The combination of fast lateral
oxidation along with slow vertical oxidation in an AlGaAs layer with varying Al
composition forms the taper. In addition, other issues such as stress due to the oxide and
re-oxidation issues are discussed.

Chapter 8

The final chapter in this thesis provides some conclusions for the work done in designing
and realizing ultra-low threshold, high-efficiency VCSELs. The chapter finishes by
forecasting the major impact better current and carrier confinement could have on the
wall-plug efficiency at smaller sizes and examines the other potential benefits of tapered
apertures.

Summary of Results

Initially 850-nm VCSELSs with strained AllnGaAs/AlGaAs active layers were fabricated
using thin (200A) oxide aperture layers. Threshold currents as low as 156pA were
measured from a 2.8um diameter device. Additionally, a burn-in study was performed

- on these VCSELs. No observable degradation in device performance was found after 30

hours of testing at a constant current density of 22kA/cm® and a junction temperature of
140°C. Figure 5 below depicts these results.
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Fi gure 5. (a) Light versus current plot for a 2.8um diameter device along
with the measured optical spectrum (b) Light versus current curves as a
function of time during the burn-in study.

Low-threshold 980-nm VCSELs were then investigated for use in free-space optical
interconnects between boards. A VCSEL-based free-space optical link was demonstrated
and the alignment tolerances for the link where characterized. Limitations due to device
sizes, interconnect dimensions, crosstalk, and insertion loss levels were also studied. A
data transmission at 500 Mbit/s per channel with a lateral alignment tolerance of + S0um




Insertion Loss (dB)

was demonstrated. By launching the signal from the microlensed VCSEL directly into a
fiber-coupled receiver, a data transmission at 3 Gbit/s with a BER < 10" was obtained.
These results are illustrated in Figure 6.
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Figure 6. (a) Measured insertion loss and crosstalk for the free-space link
as a function of lateral misalignment for varied interconnect lengths (b)
Measured Bit Error Rate (BER) for the free-space link for various
received powers.

Focus was then placed on improving aperture design by using tapered apertures and

~ improving broad area characteristics by optimizing the mirror doping. As a result of

these design improvements, devices with diameters less than 1pm lased with output
powers greater than 0.5SmW. Additionally, devices of ~1.5um and ~2.5pum diameters
lased with slope efficiencies of 55 and 58% respectively--nearly equal to the broad area
value. More importantly, peak wall-plug efficiencies of 21% and 27% were achieved for

the 1.5um and 2.5um devices. And, at low output powers of 150pW, wall-plug

efficiencies > 20% were demonstrated for all devices.
Finally, a user-friendly Graphical User Interface (GUI) software package that aids in

calculating the optical losses in VCSEL structures has been developed. The program is
available for download with the disclaimer that UCSB be recognized with its use.

Future work

~ Although this grant has officially ended, research is still being conducted on these device

structures. Even though the current is well confined by placing the aperture at the first
standing wave null, the carriers still diffuse once they enter the quantum wells. This
accounts for the majority of the threshold current for diameters <3um. Schemes for
carrier confinement such as etching and regrowth and quantum well disordering by
implantation and subsequent Rapid Thermal Annealing (RTA) are currently underway.




With the improved scaling of these devices, it is conceivable that even higher wall-plug
efficiencies can be achieved due to the decrease in the threshold current.

Conclusions

Over the span of this grant, significant improvements have been made in the design of
VCSELSs for use as smart pixels. 850-nm VCSELs with threshold currents as low as
156puA were fabricated using strained AllnGaAs/AlGaAs active layers. Improved
980-nm VCSELs were fabricated and used in free-space optical links yielding
BER < 10"? at 3 Gbit/s. Devices employing the use of oxide apertures and improved
mirror design demonstrated slope efficiencies as high as 58% and wall-plug efficiencies
as high as 27% for output powers of 150 pW. Finally, a computer model for calculating
optical losses in oxide-defined VCSELs has been integrated with a graphical user
interface to aid in the design of VCSELSs.
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Abstract:

Engineering Oxide Apertures in Vertical Cavity Lasers
by Eric R. Hegblom

This work focuses on analyzing and improving the performance of
smaller vertical cavity lasers which employ transparent, insulating apertures
(commonly made by lateral etching or oxidation) for optical and current
confinement. ' ‘ '

Improved performance of smaller vertical cavity lasers is important for
applications which require arrays of vertical cavity lasers operating at low
power such as free-space optical interconnections between computer boards or
even computer chips or highly parallel laser printing schemes. And if properly
scaled, smaller lasers have better characteristics at lower output powers.

We analyze two major barriers to shrinking the aperture size: optical
scattering losses and current spreading. These analyses helped explain the
observed drop in efficiency and rise of threshold current density in earlier
oxide apertured, small lasers, and directed changes in the aperture design such
as tapering the oxide front for a more lens-like shape. In addition, these
analyses were reduced to simple formulas involving normalized parameters
which can be applied to a variety of designs. .

We also demonstrate experimentally the impact of improvements in
aperture design which enabled small, single-mode, VCSELs <2um diameter to
reach record efficiencies and enabled 2-3um diameter devices to reach power
conversion efficiencies of 20% at output powers as low as 150uW. And we
discuss how these results can be improved with carbon doping and better
tailoring of the doping profile to minimize resistance with the least absorptive
loss.
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Dissertation Overview and Summary of
Contributions

Application Motivations and Background (Chapter 1)

Relatively large multimode vertical cavity surface emitting lasers (VCSELSs)
are presently manufactured by several companies for short distance (~200m),
single-channel data links over multimode fiber. However, in the future, there
are opportunities for arrays of VCSELs serving as the optical source for denser
data links over shorter distances. As the array size is increased and VCSEL
spacing reduced, the requirements on VCSEL performance become more
stringent. The application scale may range from ~10 channel links over
multimode fiber to link computers: for high performance applications to board-
to-board or ultimately to chip-to-chip interconnects within computers. In
addition, dense arrays may also be desired to improve speed in lasers printers
where the ultimate limit would be to have a VCSEL for every pixel across the
row of a page. These application areas and requirements are discussed further
in Chapter 1.

Applications like free-space optical interconnects require much less power than

those over longer distances. To stay competitive with an electronic link one

desires less than about AVY/Z, ~ (0.4)/50Q=3mW per connection for the laser
itself. (Previously, it appeared optical connections would have a great

advantage over electrical ones at short distances from a power consumption

perspective, but lower voltage electronics are changing that.) This means that

it is important to improve the efficiency of devices at lower output powers. In

addition it is desired to have single-mode devices to reduce optical crosstalk

between adjacent channels and modal competition noise. Finally, one would

like low voltage for compatibility with CMOS/BiCMOS drivers.




Benefits of Scaling (Chapter 2)

This thesis aims to improve the characteristics of VCSELs at lower powers by
improving the scaling of the broad-area properties to small sizes. If the broad
area threshold current density and slope efficiency remain constant with device
size, then smaller lasers will have higher wall-plug efficiency than larger lasers
despite the electrical resistance increasing inversely with device size. In
addition, smaller lasers would require less operating power for a given
modulation bandwidth, and at the operating point for highest efficiency, the
temperature rise, and drive voltage would also be lower in smaller lasers
(assuming perfect scaling). The benefits and barriers to ideal scaling are
described and quantified in Chapter 2.

Thesis Focus:

To improve the scaling of device characteristics, this thesis examines two basic
issues in apertured vertical cavity lasers: optical confinement and current
confinement and demonstrates improvements the to scaling using tapered Al-
oxide apertures in 980nm VCSELs grown in the GaAs/AlGaAs material
system. In addition, we formalize and pursue some ideas to improve the
broad-area device characteristics.

Improving the broad-area VCSEL characteristics (Chapter 3)

The doping profile particularly in the mirrors of a vertical cavity laser is critical
to device performance for all sizes. And there is always a trade off between
increased free carrier absorption loss and lower electrical resistance. In
Chapter 3, we introduce the loss-resistance product (which has been shown to
be correlated to the wall-plug efficiency), and use it for the first time to derive
the ideal carrier profile. We then compare various mirror interface doping and
grading schemes to achieve this profile.

Analysis of Optical Confinement of Apertures (Chapter 4)

The lateral optical confinement provided by oxide apertures in vertical cavity
lasers is not perfect. Analyzing the optical confinement and quantifying the

xvi




excess optical loss created by the apertures is a key contribution of this thesis.
In fact, the conclusions and analysis in this area have already provided
understanding and directed device design here and elsewhere. And you may
have seen the simple formula for the loss estimates in the theses of Brian
Thibeault and Yuliya Akulova. This analysis supported experimental evidence
that the performance of small (<4pm) VCSELs was limited by significant
excess optical losses in typical aperture designs at that time and showed that
moving to optically weaker (thinner) apertures would provide improvement as
Brian Thibeault demonstrated. In addition, the analysis showed that by
tapering the aperture tip (which can be done by a combination of lateral and
vertical oxidation as discussed in Chapter 7) could provide even further
reduction of excess loss, but ultimately designs with single apertures could not
confine the smallest of modes without being limited by the angular stop-band
of the DBR mirrors. At the end of Chapter 4, we introduce another effective
mirror length, the ray penetration depth, to describe this effect.

Current Confinement Analysis (Chapter 5)

Current can spread between the aperture and the active region. This spreading
can effect both the threshold current and the injection efficiency above
threshold. The analysis of Chapter 5 quantifies these two effects with simple
formulae that can be easily applied to device designs. The key conclusions
provided by this analysis are that current spreading can be a far greater

_contribution to threshold than lateral carrier diffusion and that current

spreading does little to lower the injection efficiency above threshold. These

points were key to understanding the device performance of VCSELs made by

Thibeault and Margalit and the devices in this work and you may have already
seen that analysis applied in their theses or in the thesis of Yuliya Akulova.

Device Results (Chapter 6)

The analysis of optical scattering losses and of current confinement directed
device designs towards the use of thin or tapered apertures positioned at the
standing wave null closest to the active region. With such modifications, we
fabricated devices that benefited from the improvements in scaling of broad
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area characteristics. @~ Lowering of scattering loss has enabled record
efficiencies for devices <2um diameter. Equally important, 2-3um diameter
devices reach a wall-plug efficiency of 20% at only 150uW output power. The
peak efficiency is higher, but the important result is being able to reduce the
total operating power as desired for the shortest distance interconnect
applications. We should note that with carbon doped VCSELSs, researchers at
Sandia Labs and the University of Ulm have achieved high wall-plug
efficiencies of 50% and 57% at output powers of 1.3mW and 3.3mW,
respectively. But these have been in larger 7um and Sum diameter devices and
the improvements being touted here are for smaller, single-mode (as desired
for free-space optical interconnects) devices at lower powers where the scaling
issues are much more important and the efficiency of the devices in this work
represent state of the art results for that low an output pdwer and small a size.
Only one other VCSEL (the 7um Sandia hero device) has achieved an
efficiency of 20% at 150uW.

After describing the major device results, we also compare experimental data
to other structures to quantify how much the optical and current confinement
benefited by the design changes. The best results were obtained in Be doped
devices, but we expect to do even better with the use of a more controlled p
dopant, like carbon. And the effort to use carbon as a p-dopant is described in
Appendix A. ' A

Wet Thermal Oxidation: Tapered Apertures and Related Issues
(Chapter 7)

An original demonstration in this work (with some credit due to Brian
Thibeault, Ryan Naone and Larry Coldren) is the formation of tapered oxide
apertures through a combination of fast lateral and slow vertical oxidation in an
AlGaAs layer with a varying Al composition. Chapter 7 shows how changes
in the layer structure affect the taper shape. In addition, other issues such as
stress in the oxide and re-oxidation are discussed.
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Conclusions and Outlook (Chapter 9)

The major contributions of this work are the theoretical analysis and laboratory
realization of VCSELs with lower parasitic optical and current losses. We
look beyond the results achieved to forecast the major impact better current
and carrier confinement could have on the wall-plug efficiency at smaller sizes
and examine other potential benefits of tapered apertures.

MBE Growth with solid source Carbon doping (Appendix A)

For improved VCSEL performance, a p-dopant like carbon is preferable to Be
which moves during growth and does not incorporate well into high aluminum
content layers. Previous efforts at UCSB by Matt Peters using a graphite
filament source installed in an MBE system here showed the carbon doped
layers tended to roughen during growth (though such roughness has not been
reported with gas source carbon doping). But after some effort, we found the
proper conditions (a higher substrate temperature~650°C) necessary to correct
this problem. While the performance frontier was not pushed further for
980nm VCSELs (as this appendix discusses), the mirror material was still good
enough to offer the low resistance and low loss necessary for the 1.55um fused
VCSEL researchers (Alexis Black et al.) to achieve record high temperature
(70°C) CW lasing in their devices. Possibly performance could be pushed
further at 980nm even using the filament source.

Theoretical Odds and Ends (Appendix B)

This section contains some handy graphs like confinement factor and mode
radius vs. V number and derives modifications to the expression for mirror
length when there are extra spacers or grading in the DBR. In addition, a
generalized form of the optical efficiency is given which is useful when writing
a transmission matrix program. But a majority of this appendix is spent
deriving the mathematical difference between periodic and uniform
waveguiding under the Fresnel approximation.
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Layer Specifications (Appendix C)

The actual MBE growth program for the 1¥ Null VCSELs is provided.
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Chapter 1: VCSEL Applications 1

Chapter 1:
VCSEL Applications

Overview:

Over the past decade vertical cavity lasers have matured from a laboratory
fascination to a wafer-scale manufactured product. Even just a few years ago
(1994), people still wondered if VCSELs would ever be mass produced instead
of in-plane lasers. But today several companies are selling either individual
Vertical Cavity Surface Emitting lasers (VCSELs) or selling modules for data
links which use VCSELs. The most common application for the VCSELs is -
gigabit Ethernet-and Fibre channel link modules. Presently, total sales are on
the order of over a million devices per year! VCSELs are definitely here to
stay, but how will they change in the future? What new requirements will be
“placed upon the devices? What should be improved about them today? Where
is this thesis relevant?

In the future, VCSELs may be used for other applications like high
performance interconnects for parallel computing or in phone switching
centers, or at smaller scales such as chip-to-chip interconnects within
computers, laser printing and possibly in digital video disks (or other optical
storage applications) with red or possibly, with (who knows?) blue VCSELSs.
In addition, many improvements may be made to VCSELs for the existing
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data-link applications such as using wavelength division multiplexing, making
modules with arrays of VCSELs, employing oxide apertured VCSELSs, and
manufacturing VCSELs which operate at 1.3 or 1.55um. And beyond that
VCSELSs may start being integrated monolithically with other components like
photodetectors (either for two-way communication or as a monitor for the
output power), or less likely, with transistors. Pursuing these various
developments will keep the VCSEL community well employed over the next
few years.

VCSELSs have a number of advantages touted over the years namely: a circular
beam which is easy to couple to fiber, low power consumption even at
relatively high modulation speeds, compatibility with LED manufacturing. In
addition, the various attributes (like resistance, mode-size, number of modes,
efficiency at lower powers) change with device size and with our ability to
circumvent parasitics. As will be discussed further in the next chapter, the
removal of parasitics mean that smaller VCSELs can provide higher power
conversion efficiency at lower output power and higher modulation speed at
lower operating powers. Furthermore, with proper scaling, smaller VCSELs
are able to reach a higher output power density than larger ones which also
implies that properly scaled smaller VCSELs will have a higher maximum
modulation bandwidth. Unfortunately, shrinking the VCSEL size also means
higher electrical resistance (although the scaling is better for apertured devices)
and this is a limiting factor if one wants to match to low impedance
transmission lines running to the device.

In the following sections we will examine the various requirements on
VCSELs demanded by both data link applications (for LANSs, chip-to-chip
interconnects) and printing (where an electrical alternative is not a competitive
solution). We will comment on device designs to meet those requirements and
also examine where improved scaling of VCSELs will impact system
performance in order to motivate that key objective of this thesis.

Optical Interconnect Regimes:

Before discussing the specifics about VCSEL interconnect applications let us
examine the regimes where optical interconnects are competitive with
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electrical interconnects based upon the limit of the transmission medium. /n
this section, we are not considering what power or current is needed to send a
signal in absence of electrical transmission losses. Such an issue becomes
important for very short distance interconnects as we will discuss in that
subsequent section.

The traditional argument for the use of optical communication rather than
electrical is the is attenuation of electrical media (coaxial cable) at high
frequencies and long distances. Over shorter distances one would expect loss
by the transmission medium to become less of an issue. This is roughly true,
but packaging constraints which force much more closely spaced lines increase
the attenuation. The limit is still difficult to beat at very short (~cm) distances,
but there are other interconnect opportunities using closely spaced (~200pm)
VCSELs operating at > Gbit/sec speeds over several meter lengths.

A metal transmission line is limited by losses of the metal (skin effect losses)
and radiation losses. Let us consider here these limits from a microstrip
transmission line as shown in Figure 1-1. Although such a geometry is not
used over all length scales, it provides an excellent estimation to understand
the limitations to within an order of magnitude. The same limitations
discussed still exist for other transmission line shapes but values will not
change dramatically assuming appropriate scaling dimensions are chosen.

Skin Effect Losses

. Using the expression for skin-effect loss in a microstrip line given in 1] and

assuming a few ordinary parameters (namely effective width, wef = height
and impedance of 50, a copper thickness of 2um), we find the frequency for
the transmission to attenuate the signal by 3dB is,

2
_5GHz-m’ [ Wef _5Ghz-m?/mm”
f3dB|Microsuip Line — L2 0 - szl

(I-)
Smm
As expected, this loss is not significant at 1GHz until a 0.5mm wide line is
over a meter long which is beyond the regime that free-space optical
interconnects might compete; but we still need to consider radiation loss,
crosstalk and most importantly, interconnect density. And other switching
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power issues for free-space interconnects will be discussed in a subsequent
section.

Figure 1-1: A Microstrip line. As the line is scaled to small size to
avoid radiation loss or for packaging reasons, skin effect
losses increase
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Radiation Losses

So what about radiation losses? These do not happen to be the limit in the
above example, but significant coupling to spurious modes occurs around a
frequency of (2]

fRAD =50GHz-mmA (1_2)

using a typical £=3.8. Thus, to avoid radiation losses it is necessary to scale
the transmission line dimensions down as the frequency increases. Consider
that we pick & so that fRqp is five times the operating frequency, and scale
weff with h, then the limit due to the skin effect losses can be rewritten as,
1m)23

_ f3dB|Microstrip Line — 13 GHZ(T) (1-3)
Allowing for the maximum height and width to avoid radiation losses, means it
now takes ~50m long transmission line for a 3dB attenuation at 1GHz.
However, that transmission line is now lcm high and wide! Radiation losses
do force the designer to scale the size of the line, but more likely packaging
considerations will force the use of smaller lines (in which case radiation losses
will be even less of a concern).

Crosstalk

We should also mention here that increasing cross-talk (which is obviously
related to radiation losses) can be avoided if the height of the line, A, is scaled
with the interconnect spacing. Then the amount of coupling between two lines
will just depend on, L/A the physical length over the wavelength. For a
separation between microstrip lines on GaAs equal to 3h, the coupling between
them is <-20dB for lines about 2/3 the wavelength{3]. Thus, the coupling is
avoidable at GHz speeds over distances < lm, but over tens of meters (at
1GHz) crosstalk begins to dictate design changes (greater lateral spacing or use
of a coaxial geometry).

2-D and 3-D Packaging Limitations

Let us consider scaling the effective width (and also height) for much more
densely packed transmission lines as might be desired if there are many
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interconnects over a short length. These interconnects need not only be
arrayed laterally. They may stacked vertically. (Or they may be tipped up so
that they send a signal vertically from a board. We will not limit ourselves to
what packaging may be possible. We will just assume that somehow the
transmission lines can be fabricated.) Essentially, what this analysis means is
that the electrical limit due to attenuation should not be thought of as just as a
length limit for a given frequency, but as a length limit at a given frequency
and interconnect density, p; the number transmission lines/cm’ crossing a
planar boundary or equivalently the interconnect spacing (both laterally and
vertically). Figure 1-2 plots the boundary given by Eq. (1-1) for different -3dB
frequencies (i.e. for a given frequency and interconnect spacing, the length of
line is calculated that would have 3dB attenuation). One can learn a lot from
this plot; so let us look at the different regimes. First, lets look at interconnect
lengths ~10° meters long and interconnect spacing on the order of centimeters.
We see that this clearly lies in the “optics” region of the plot. This is where
optical solutions for gigabit ethenet(GE) are competing. For an optical
solution to be competitive with an electronic one over shorter distances, it must
be able to packaged into a smaller form factor (interconnect spacing). If we
scale down to a lcm length, then the 3dB limit at 1GHz occurs at an
interconnect spacing of ~30um. Beating this limit with optics is still
challenging because VCSELs communicating through free-space at a GHz
speed on a 30um pitch over a centimeter is a probably not possible without
WDM techniques to avoid crosstalk. But other limit to consider for these links
is the switching power and drive current to send a signal in absence of these
skin effect losses.

But we do not have to try to scale the interconnect length to Icm. What Figure
1-2 shows is that there is a different opportunity for VCSELs spaced ~200-
500pum (compatible with fiber ribbon cable) which can send data at faster than
1Gbit/sec over lengths longer than 1 meter. Such an application is indicated by
the POFI' (Parallel Optical Fiber Interconnects) label and will be discussed in
the VCSELs for HIPPIs section.

1 { don't intend to keep using the acronym: it just fit easily on the plot
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With some idea of where these various optical interconnect regimes lie in
comparison to the loss limitations from metal interconnects, let us proceed to
examine the specific applications.

Optics
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Figure 1-2: Attenuation limit from a microstrip transmission line due
to skin effect losses which are dependent upon both the length
of the line, the line density and the frequency. The limit
approximately defines a dividing line where an optical
interconnect could compete with an electrical interconnect.
The blobs indicate the typical density and interconnection
length of three different links. FSOI (Free-Space Optical
Interconnects) have a difficult time competing with metallic
interconnects purely on the bases of skin-effect losses - unless
the interconnect density can be increased or a channel can
operate over 10GHz. GE (Gigabit Ethernet) is already in a
regime where fiber-based links have advantage over metal,
and in the future, closely spaced POFI (Parallel Optical Fiber
Interconnects) have a clear opportunity to compete with metal-
based interconnects. Not shown on the chart are the km
distances where A=1.3um and 1.55um laser based links have
historically been preferred to coaxial cable at Gbit/sec speeds.
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VCSELs for LANs
(Single channel, ~10-100m
interconnects)

From the previous discussion, the need for an optical-based interconnect
operating at Gbit/s over distances of 100m is clear. (See Figure 1-2 again).
And as mentioned this is the largest present application for VCSELs. In this
high volume market, cost of manufacture is very important. Hence, the laser is
used in conjunction with easy to couple to multimode fiber. Another major
cost reduction comes from the ability to test and package VCSELs in a manner
similar to the well developed (i.e. low cost) techniques used for LEDs. Such
techniques could not be used for in-plane lasers. Furthermore, multimode
VCSELSs have a denser modal spectrum (from transverse modes) than in-plane
lasers do (from longitudinal modes). The larger number of modes reduces the
speckle patterns and consequently the higher bit error rate produced by
interference of modes at junctions[4]. CD lasers also have reduced speckle
because they are designed to be self-pulsating and they are cheap (~$0.5 in
volume). However, commercial CD lasers have been found to be less reliable
than VCSELs. (Although IBM has gone to great lengths to find techniques for
fishing out reliable ones[5].)

The standard for gigabit Ethernet[6] specifies two different operating ranges of
wavelengths: 770-860nm and 1270-1355nm. Although at 980nm, fibers have
lower attenuation, the standard was written when 850nm VCSELs were more
mature in industry and was written to allow 780nm CD lasers to compete with
850nm VCSELs[7].  The minimum length specified for a link around
A=0.8um is 220m using 62.5um diameter fiber and 500m using 50pum
diameter fiber. For wavelengths around 1.3um, the specification is 550m at
both fiber sizes. It is also interesting to note the standard specifies the
minimum length for a copper 1.25 Gbit/s interconnect to be only 25m, which is
in rough agreement with Figure 1-2.
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The standard also makes other specifications about the laser characteristics.
Besides an operating speed of 1.25Gbits/s within a specified eye-opening, the
0.8um sources must be eye safe (i.e. power in the fiber <~400uW) and an
extinction ratio of 9dB which means a low state of ~50uW in the fiber. This
relatively low, low state means that the system design must be able to tolerate
changes in threshold which can raise the low-state. In addition, the laser
should launch light into the both the radial and azimuthal modes of the
multimode fiber which means that one needs a laser beam to be more divergent
than the numerical aperture of the fiber and laser should probably be oft-
centered from the fiber (or perhaps the laser should even launch a donut-shaped
mode([8])

Typical power consumption for the whole transceiver unit is ~800mW/[9],
which means the laser power dissipation is of less concern than (as we will
discuss) for free-space optical links. However, the operating voltages need to
be under ~3volts for compatibility with 5V emitter coupled logic (ECL) and
under 2 volt in the future for compatibility with 3.3V positive emitter coupled
logic (PECL) drivers.[10] Depending on the packaging one may need to worry
about impedance matching to the laser, and desire a dynamic resistance ~50Q.
The following table adapted from [10] summarizes the requirements:

Data Rate 1.25 Gbit/sec
Laser Electrical Power <~20-30mW
Peak Optical Power ~7-10mW
Dynamic Resistance <~50Q
Drive Voltage at operating | <2 voits (3.3V-PECL),'<3V (5V-ECL)
power .
Threshold \ <6mA
Modal Characteristics very muitimode
Table 1-1: Desired Characteristics for VCSELSs used in commercial
single channel links {10}

The requirements are not too stringent for VCSELs in single-channel, Gbit/sec
links and this tolerance has facilitated their manufacture, but is improved
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device scaling useful in this case? Typically, the VCSELs in this application
are 15-30pm diameter proton implanted structures, but moving to lower
scattering loss oxide apertures allows slightly smaller multimode VCSEL:s that
can still be fabricated in a planar geometry. Oxide apertures will allow better
modal stability by providing optical confinement without needing thermal
lensing. These improvements are not critical, but allow some tolerances to be
relaxed - for example it is much easier to reach the threshold requirement with
oxide apertures than with proton implantation.

VCSELs for HIPPIs
(1-D Arrays, ~1-100m interconnects)

Although the nineteen sixties counterculture showed little interest in vertical
.cavity lasers, today Hlgh Performance Paralle] Interconnects (HIPPIs) are
demanding an optical solution. Looking back at Figure 1-2, we see such
Parallel Optical Fiber interconnects (POF Is) fall in the about the same distance
or less than Gigabit Ethernet, but have a smaller interconnect spacing. Instead
of being used as a network backbone, these links are a backbone for processor
to processor connections. [t sounds similar, but in the second case, a paralle]
computing task is demanding bandwidth rather than a bunch of multiplexed
end-users. The present HIPP] standard is for connections at 400 and 800Mbiv/s
implemented over copper. But the proposed optical HIPPI-6400 standard is
8Gbivs[11].

Here we should also mention that telecom switching inside metropolitan area
central offices sometimes need to Operate over larger distances due to space
considerations in the building. Here a bandwidth around 10Gbit/s over meters
to tens of meters is likely to be needed.[11].

One can imagine satisfying these short-distance high bandwidth applications
either with single or parallel channels (to avoid extra multiplexing circuitry).
Electrical complexity and packaging considerations dictate some trade-off, and
in either case one would like to keep a small form factor, The size of the
package form factor determines the ability to conduct heat given that one has a
maximum AT between the package and the room temperature in order that the
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package is not too hot to touch. The thermal requirements for a single fiber
channel still allow in-plane lasers to satisfy the requirements, but the thermal
requirements for arrays and their circuitry are a factor N more stringent (N
being the number of channels) and designers in the real world are forced to use
devices which have higher wall-plug efficiency at lower output power:
VCSELs[11].

For array applications, eye safety issues naturally force a lower operating
power per laser - assuming one does not build in feedback to shut off the laser.
For an array of ten 830nm VCSELs coupled into ten fibers this means an
maximum power of ~100pW in each fiber. Note this number is not one tenth
of the single channel eye safe power of ~400uW because an array of fibers
cannot be focused to one spot. However, if one used an array of VCSELs
operating at slightly different wavelengths coupled into one fiber then the
maximum coupled power per laser is 40uW. [12]

Given the advantages of VCSELs at lower operating power, several companies
are working on interconnects with arrays of VCSELs including Gore[l1],
Siemens[13], NTT[14], Honeywell[15],and Hewlett-Packard[16]. One
example of a twelve channel link module is shown in Figure 1-3.

To satisfy the requirement of higher efficiency and lower current at lower
output power, not only are VCSELs preferable to in-plane lasers, but oxide
confined VCSELSs are preferable to proton-implanted VCSELs. In fact, the HP
PONI module uses oxide confined VCSELs with I;~2mA[16].
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Module
Housing\

CMOS
Network

e IC
/ POSA with RI’;E"
MT VCSEL/PIN
Connector Arrays

Figure 1-3: An example of a parallel link module made by Hewlett
Packard using flexible transmission lines to connect the
electronics with the VCSEL/PIN arrays (taken from [16])

Table 1-2 summarizes some estimate of the desired characteristics for arrays.
Unfortunately, the variation in channel spacing, variations in VCSEL
packaging and industry confidentiality make it difficult to predict the exact
specifications needed. Probably, at this point module design is more driven by
what an optimized multimode VCSEL can do rather than the other way around.

Presently, the market is very cost driven towards multimode fiber, but if
cheaper connections to dense arrays of single-mode fiber or waveguides
become available in the future, then this application may require single mode
VCSELs. In which case, improvements to optical confinement in smaller
VCSELSs become more important. Nevertheless, improvements to the current
confinement even for moderately sized 8-15um VCSELSs is desired and proper
oxide aperture and doping design has a role in this area (as will be discussed in
Chapter 2). Note again low dynamic resistance is important if transmission
lines are used to transmit signals to the lasers. But this requirement could be
relaxed as the VCSEL is brought closer to the circuit (for example using flip-
chip bonding).
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Lastly, for reduced package size it is desirable to use integrated arrays of
detectors and lasers, if crosstalk requirements can be satisfied.

Data Rate 1-2 Gbit/sec

Laser Electrical Power/Channel <10mW (?)

Peak Optical Power ~5mW (?)

Dynamic Resistance <~50Q
(assuming no flip-chip
bonding)

Drive Voitage at operating power <2 volits

Threshold <3mA

Modal Characteristics very mulitimode

(or possibly single mode)

Table 1-2: Desired Characteristics for VCSELs used in parallel optical
fiber links

VCSELSs within computers
(2-D arrays, <1m Interconnects)

A more distant application area for VCSELs is interconnecting nodes on a chip
or between chips within computers. Such high-speed connections are needed
to talk to other co-processors or memory (though memory is a bit slower than
another processor) or, more generally, to carry data within a dense electrical
switching architecture. Here two major issues to address are (1) the extra
power consumption and current distribution to drive bonding pads and high
speed transmission lines and (2) packaging considerations necessary to achieve
the desired interconnect density. '

We will discuss both these issues for electrical interconnects and then discuss
the optical interconnect alternatives which can be modulator based or source
based. Finally, we will use the performance criteria to motivate improvements
to smaller VCSELs.
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Optical vs. Electronic links inside computers

From a power consumption point of view, there are two issues to deal with for
an interconnect: the power lost during transmission and the switching power
necessary even if no power is lost during transmission. The first issue we have
discussed in the case of transmission lines in the previous section, but we will
look briefly at this issue from a lumped element point of view. The analysis of
the second issue (switching power) shows that is it very significant - using the
3-5V drive voltages of the ‘80s and ‘90s, but lower signal voltages in the
twenty first century present tough competition for an optical interconnect
solution based upon power considerations. The conclusion drawn is that
within a computer the power consumption per interconnect (excluding drive
circuitry) should be well under a 1 mW in order to compete with an electronic
alternative from a power consumption perspective. The following discussion
draws upon the rudiments of an older reference [17], some of my own
contemplation, a brief, but enlightening discussion with Professor Mark
Rodwell, and a very helpful reference [18]. Another good discussion is in [19].

Electrical transmission medium losses (small compared to switching power)

There are two ways to look at the loss of an electrical interconnect: as a lumped
element on chip or as a transmission line between chips. When driving a metal
line on a chip, one encounters the typical RC limit which at high enough
frequency sets a maximum bit rate. For a simple parallel plate capacitor strip
line, the time constant, t, is independent of the line width (if fringing fields are
ignored)

r=RC=(€-X§-)LZ = (RsyC, )L (1-4)

where p is the resistivity of the metal, ¢ is the thickness of the metal, € is the
dielectric constant, d is the distance between the interconnect line and the
ground plane, and L is the length of the interconnect. Based on some typical’
interconnect values in VLSI [20]: a 1.2um thick Al (metal2) interconnect layer
with 0.05 Q-um resistivity and even a somewhat pessimistic capacitance per
area of 50 attofarad/um?’ one obtains a 3dB-frequency roll off of
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1 76 GHz - mm’
~ = . l ‘5
S 2rr L2 (1-5)

Such a parasitic limit becomes significant (<IGHz) only for on-chip
interconnect lengths ~lcm. However, the analysis ignores any inductance
which actually helps counteract the capacitive parasitic (since an inductor’s
impedance increases with frequency) and the true distributed rather than
lumped element nature of the problem when L approaches A. Ultimately, one
has to consider a many inductors and capacitors in a row, namely, a
transmission line which is the limit that we discussed in the previous section.
In that case, the attenuation limit from skin effect losses is not significant at the
interconnect density that an optical solution presently might provide.

Switching Power (in the absence of losses from the transmission medium)

Even with perfectly conducting interconnect lines, there is still power required
to charge and power lost discharging them in order to send signals (due to the
source and load resistance). For the case of a line with capacitance, C, the
power dissipated is energy to charge plus discharge the capacitor times the
frequency, f:

P=C(AV)*f (1-6)

where AV is the voltage swing. For the example of the on-chip line with
capacitance per area of 50 attofarad/um’ and /~1Ghz and a voltage swing of
2.5 volts, we obtain,

Pon chip interconnect = 0.3mW/mm/um (L w) (1-7)

where w is the linewidth in pum, and L is the line length in mm. This power is
still pretty low in comparison to what a VCSEL might need to transmit at
1Gbit/sec (~0.5mW) unless the on chip length is several cm.

Switching power and density considerations from output pins

Probably a more important parasitic is the power requirement to drive the
output pins on a chip. Even though CMOS dimensions may scale the bond pad
sizes and packaging wires do not. At the periphery of a chip (see Figure 1-4),
there are bond pads typically spaced by 200um. To add even more pins
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sometimes there are multiple rings of these bond pads. In fact, another
argument[21] for free-space interconnects is mainly from a density perspective
that as chips get larger, the area available for interconnection from pads at the
edge of the chip scales as the length, L, of a side of the chip. But the area
available from the whole chip scales as, L2. However, one should keep in mind
that IBM’s a flip-chip bonding process (called C4) would allow electrical
interconnections over the whole area of the chip. In addition, a ball-grid array
can be used allowing (as many as a thousand) connections (which scale with
area) from the package to the board.[18]

EEEEENEEDR
/Wire

v

CMOS  Bond Pad Pin

Figure 1-4: Schematic of a CMOS chip with the pads that get connected
to the package pins and subsequently to lines on a printed
circuit board. Driving these pads/pins/ and lines at high speed
takes a significant amount of power and current in today’s
chips

But as far as switching power considerations, one must contend with a
significant capacitance not only from the bond pad, but also the board trace.
Typically, chips are tested with total capacitance of SOpF per pin[18]. (This
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figure is high due to the typical length of board traces.) Again using f~1GHz
and a voltage swing of 2.5 volts, we obtain,

=CAV?f =0.3 W/GHz (1-8)

P off chip interconnect

This power is huge! Especially if there are hundreds of pins to drive.
However, one probably would not use traditional board traces for 1GHz
signals. With better packaging one would drive an impedance matched
transmission line instead of a pure capacitive load, then the power required
essentially frequency independent (barring skin-effect losses). Under these
assumptions, the transmission line will not draw any power, but a matched
load (or a matched source sinking current) will. then the consumption is

2
AV 125mw (1:9)

PrransmissionLine =
for a swing of 2.5 volts and an impedance, Z=50Q. This power is still very
high compared to the few mW of power for an optical link.

To reduce the electrical power required, one would like to use higher
impedance lines, but impedances over 100QQ are difficult to achieve for
microstrip lines (for coax cable it is possible, in theory, with really fat cable).
But the other thing to do is simply to reduce the voltage swing. The limit
encountered reducing the voltage swing is the stability of the threshold voltage.
Design specifications for operating between 25 and 100°C, imply a 60meV
uncertainty in V,,. And this uncertainty bounds an optimum threshold around
0.2 volts[22). -For a 0.4 rather than a 2.5 voltage swing, the power
consumption is reduced by a factor of forty to

Poit chipinterconnect = 8 mW/Ghz (1-10)
NG
PtransmissionLine = —Z"" =32mW ’ (1-11)

In fact, a 2Gbit/sec/pin link has been demonstrated with 150mV signal
amplitude[23, 24]. Depending on channel skew, one will need to lock to a
clock for every nth channel. (This obviously depends whether one is using a
bus or a star architecture.) To lock to the clock one needs a phase or delay lock
loop and it should also be noted that for these circuits, the phase-lock-loop
(which would be present in both optical and electrical links) consumes a much
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larger power of 170mW[24]. However, for one central chip talking to many
other chips, the phase lock loop can be taken off the central chip to reduce the
power consumption by 75%[23, 24], then the power budget depends more
upon the laser and driver on the central chip. In that case it is necessary to
have low power laser drivers in CMOS to reduce total power consumption. As
discussed in the LAN applications section, typical drivers with ECL inputs
consume much more power than the laser. However, groups have
demonstrated low power CMOS drivers which consume power comparable to
the VCSEL[25, 26].

The numbers for lower voltage driving of metal interconnect lines suggest that
for optics to be a competitive solution (as far as power consumption goes), the
power consumed by the laser/modulator should be well under a ImW per link.

Current distribution considerations:

As far as power consumption is concerned, future electrical solutions are very
competitive with optical solutions, but what about current considerations? For
the voltage swing of 2.5V into a 50Q line, the peak AC current required is
S0mA. So? If you have a hundred of these lines to drive then (in the worst
case that all the outputs were swinging high or low) you need a whopping SA
of current from your supply and ground But even supposing 60% are all going
high at once, then you have 0.5A, which is stil] a lot of current to be routing on
a chip. Given these numbers, an optical solution looks very attractive. But
using a lower future swing voltage of 0.4V, the current for ten lines going high
at once drops to 80mA. If one uses low threshold VCSELs, the change in
current for ten of them going high at once will be around 2mA (assuming they
can be operated at ~100uW output power swing with 0.5W/A). This is a much
lower AC current. However, with the DC bias, the power supply is guaranteed
to have a load from all the lasers all the time of around 50mA (assuming above
threshold bias). A laser based solution still has a slight edge, but it gets
narrower as voltages are able to be lowered in future chips. Thus, reducing the
bias point as much as possible is necessary for optics to have any hope of
competing with metal interconnects inside future computers.
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Optical Interconnect Architecture: VCSELSs vs. SEEDs

If optical interconnections are to be used within a computer (or over short
distances in general, such as for switching) one must decide whether to use a
modulator based architecture or a laser-based architecture. The major issues
for either system to address is the ease of integration both with semiconductor
components and the external optics and the power consumption (mW/Gbaud).
In addition, the usual issues of uniformity and stability much also be satisfied.
Furthermore, one would also like have some magnification/de-magnification
whereby one chip can talk to more than one other chip. (See Figure 1-5)
Otherwise, one might as well just solder bond the chips to each other.

CPU

mirror —___

A
AET RTINS E@
4 CMOS chips (2 shown from perspective) :

Distributed processors

(a) (b)

(c)

Figure 1-5: Examples of optical interconnect “magnification” so that
one chip can talk to more than another chip of the same size.
(a) A scheme used by Applied Photonics (b) A Focusing/De-
focusing arrangement (c) A bus-like scheme with pass through
that can be implemented optically (as shown) or electrically
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The main difficulty with a modulator based interconnect system using Self
Electro-Optic Devices (SEEDs) is that these need light incident normal to the
surface. To bring the light in and send the modulated light to a detector array
would require the use of beam splitters as shown in Figure 1-6. And
connection to multiple chips can only be implemented in a bus like
architecture.

But the main advantage of presently of SEEDs is that they are more mature.
Arrays with 256 modulators integrated with 4096 detectors (for multiplexing
purposes) have been demonstrated[27]. In addition, SEEDs presently have
more “smartness” than source based interconnects. Specifically, FETs and
SEEDs have been monolithically integrated to make circuits which .can
.implement switching, neural networks, correlation etc[28]. This “smartness”
is not inherent to SEEDs, because a source-detector based system can be made
“smart” simply by flip-chip bonding it to CMOS circuitry. However, the same
level of complexity has not yet been achieved with VCSELSs and detectors.

Modulator array

/ Refractive Beam splitter

Detector array

Diffractive beam splitter

Optical Source

Figure 1-6: Packaging difficulty with a modulator based interconnect
system. (It gets even worse for two-way communication)
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The “on-chip” power consumption for a SEED/Detector based system is
relatively low. For a 10x10um modulator (with a 100fF capacitance) and
AV=3 volt, the drive power is[29]:

Prp ~ ImW /(Gbit [ sec) (1-12)

This consumption is lower (but not dramatically) than the electrical power
consumption (~3mW) described above for low-voltage interconnects. The
total dissipated power will also include some optical power from the source
which does not arrive at the detector array. If the optical elements are efficient
at directing the optical power on the array and to the detector, then one needs
only carry enough power for the receiver ~0.1mW/channel. Budgeting for
some power absorbed by the SEED (say 50%) incident power, then SEED
dissipated power is 1.1mW/Gbaud. However, if the optics are not efficient,
one would need high power incident on the SEEDs and they could easily
consume several mWs/Gbaud.

The SEED technology is relatively mature, but VCSEL technology is catching
up with SEEDs in both the essential areas: device integration and device
performance. A major issue being addressed at UCSB is the monotlithic
integration of VCSELs and photodetectors in a manner compatible with flip-
chip bonding to driver circuitry. A novel way to.do this which Duane
Louderback and I came up with is to use lateral oxidization of AlGaAs to
create a high reflectivity bottom mirror while leaving un-oxidized an adjacent
mirror to be used as part of a resonant cavity photodetector. (See Figure 1-7.)
Although the oxidation dramatically changes the refractive index (from ~3 to
~1.6), it is possible to design the layers in such a manner that the resonant
wavelength of both structures is the same.? The other “nice” features about this
design are that it requires no regrowth, and it uses substrate coupled
lasers/detectors so the devices can easily be flip-chip bonded. Many more
details about the design and its successful measured performance will be
described in Duane’s thesis.

2 Note there is no way to make the optical thickness of a period /2 in both cases, but the
out of phase reflections can be kept away from the cavity.
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Figure 1-7: Technique for monolithic integration of Vertical Cavity
Lasers and photodetectors - a key step needed for creating a
VCSEL-based interconnect architecture
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Aside from easy integration with other components, it is also necessary for a
VCSEL/Detector based interconnect scheme to reduce the power consumption
at a given data speed in order to be competitive with an electronic solution.
This is a major issue being addressed in thesis. As we will describe in the next
chapter, improved wall-plug efficiency at lower power and improved
modulation current efficiency can be achieved by scaling the size of the device,
provided one can remove prohibitive parasitics like optical scattering losses
and current/carrier leakage. The major thrust of this work is to characterize
and remove these parasitics through improved design of the oxide apertures in
VCSELs. The drive power requirements for VCSELs in these systems
obviously depends upon the receiver sensitivity and the what fraction of power
is expected to be lost through the optical system. However, the results from
this work imply that if the average output power of the laser is around 100-
200uW (which is plenty, if the receiver can get it all), then the power
consumption will be around 0.5-1mW which is comparable to the power
consumed by SEEDs.
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VCSEL Characteristics for free?space interconnects:

As discussed above, the wall-plug efficiency of a VCSEL at low powers (total
consumption <ImW) is very important to be able to compete with an electrical
solution and with alternative modulator based interconnects. Also it is
necessary for the VCSEL to be able to operate a high-speed (~GHz) at these
low powers. But with improvements to the design (namely, thin oxide
apertures), that the work presented here helped motivate, the 3um diameter
VCSELSs of Brian Thibeault demonstrated -3dB frequency of 4GHz with only
50uW output power[30]}! Thus, properly scaled small devices should have no
problem reaching Gbit/sec transmission at low power.

In addition to power and speed requirements, the VCSEL should be single
mode not only to avoid mode competition noise but also to avoid optical
crosstalk as the mode is sent through the collimating optics. Further one would
like the operating voltage to be well under 3V so that it could be directly
driven by lower voltage CMOS circuits. Smaller VCSELs have higher
resistance, but the lower output power required helps reduce the drive voltage.
In addition, if the VCSELSs are flip-chip bonded directly to driver circuitry then
matching issues with transmission lines forcing the need for ~50Q dynamic
resistance is not as critical. The threshold naturally needs to be low for higher
wall-plug efficiency at lower output power, and low-threshold is definitely
desired to reduce the quiescent current. As we will discuss in Chapter 6, the
optimized single-mode VCSELSs presented here with a wall-plug efficiency of
20% at only 150uW output power are presently the state of the art in terms of
meeting these requirements, but even further progress is desired for this
application.

Data Rate 1-2 Ghit/sec

Laser Electrical input Power As low as possible < 1mW
Peak Optical Power 1-2mW

Resistance not critical

(so long as V<2.5voits)

Drive Voitage at operating power | <2.5 volts

Threshold optimized for min operating power
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MOdal Characteristics single-mode —l
Table 1-1: Desired Characteristics for VCSELs used in free-space
interconnects
VCSELSs for Printing

Just as we have seen density considerations drive the need for improved
smaller VCSELs in communication, we can see the a similar trend in laser
printing. In desktop and some larger scale laser printers, the laser and mirrors
for deflecting the beam essentially replace the flashlamp and focusing optics in
a photocopy machine. (Note: There are other types of laser printers which
require high power lasers for thermal dye ablation/transfer or for exposure of
photographic silver halide materials[31]) For background, the xerographic
process is shown in Figure 1-8. The key component in the process is
photoconducting material which behaves as an insulator in the dark, but a
conductor in the light. This photoconductor on the drum is first charged
electrically, then laser light is used to selectively make the photoconductor
conductive so that it will discharge to the lower potential drum. The remaining
charged photoconductor on the drum then picks up toner which is subsequently
fused to the paper. Further details of this process can be found in [32].

Let us now consider the fundamental power and speed issues. Suppose we
have a given dot density on the photoconductive drum, which dictates the
number Np of dots per page and it takes an energy E, to expose one dot to
make it conductive. The time, ¢p to expose a page is given by:
_NpEp _ NpEp

P N AP

tp (1-13)
where PTy is the total power from the laser or lasers which is not lost by
focusing optics. Ny is the number of lasers, 4 L the area of a laser beam and
Pp the fraction of the power density from a laser which is not lost by focusing
optics. This analysis assumes that the exposure process is not limited by the
transit time of the charge to ground and no non-linear optical effects are taking
place and should work for photoconductor exposure times (tp/Np/Nr) from
3usec to 1sec[32]. From the right side of Eq. (1-13) we see that we can
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decrease the exposure time by increasing the total optical power which can be
done either by adding more beams at the same power (to simultaneously
expose different dots) or increasing the power from a single beam.

(5) Hot Fuser Rolls to stick
toner to paper

(1) Electric field to charge photoconductor

New \
Paper
(2) Laser Beam
Selectively
(4) Electric field [lluminates
Photoconductor

to transfer charged
toner to paper

\ to discharge it

Rotating drum
with photoconductor

/

(3) Toner in carrier
deposited on charged
photoconductor

Figure 1-8: Schematic of the laser printing process (adapted from [32])‘

If one increases the power from a single beam the scan speed of the beam
across the page must be increased. The beam is typically scanned across the
page using a rotating mirror (or actually several mirrors on the outside of a
polygon - See Figure 1-9). Higher scanning speeds require higher priced
motors. Consequently, even being able to use two or four lasers is a major cost
savings. (Two element arrays are already in manufactured printers.) The
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extreme approach that Xerox hopes to take is to use an array of ~14,000 lasers
with one for every dot across the width of a page. In that case no motorized
scanning mirror is required.[33] One advantage that we will discuss in the next
chapter is that properly scaled smaller lasers can reach a higher power density
than larger ones. So if one can increase the number of lasers to compensate for
the reduction in area, then one will have more total power (which is an
equivalent measure of print speed).

Laser(s)+Optics

Rotating
Polygon mirror

More optics } '

Rotating drum with photoconductor

Figure 1-9: Scanning mechanism in a laser printer - a side view of
Figure 1-8. (Adapted from [33])

The actual amount of power necessary also depends upon wavelength and the
photoconductor used, and generally the materials are more sensitive to visible
rather than infrared light (wavelengths <800nm are required), but using an
energy density typical in the red of 10mJ/m’[32], then to print one 8.5x11”
page in one second would require 0.6mW. Of course, this power can be an
order of magnitude higher depending upon the throughput of the optics. But if
an array of lasers is used then one can easily get that order of magnitude back.

The laser beam in these systems needs to be pretty clean which normally
means using a single mode laser (or at least single-mode looking), but possibly
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one could also use a heavily moded large VCSEL which would still look okay.
Thus, to put VCSELSs to use in this application means moving towards arrays
of many VCSELs with relatively low power. As array size increases
improvements in scaling to increase the power density and decrease the
thermal load become important.

Final Comments and Summary:

A system perspective provides an understanding of where VCSELs may be
employed in the future and what issues need to be addressed. But it is not
always the best perspective because often times technology is more of a
chicken and egg problem (i.e. which should come first) and people working on
one technology (e.g. high performance optical interconnects) may have no
application until another technology (e.g. packaging) improves. So sometimes
it is necessary to improve a technology without an existing application, but
existing needs are not a bad starting place.

In this chapter, we examined applications for both data communication and
laser printing. In both cases we have seen that the scaling of VCSELs becomes
important as the array size increases. Scaling the VCSEL is not so much
needed to allow more VCSELSs to fit in a given space as it is to minimize the
thermal and electrical load of the whole array. Perhaps in the future scaling
will also be needed for higher speed per channel. Figure 1-10 pictorially
summarizes the different VCSEL structures to meet the different requirements.

Already proton implanted VCSELs are being employed in single channel data
links to meet Gigabit Ethernet and Fibre channel standards. And soon VCSEL
arrays will be available for multichannel higher speed links using multimode
fiber over shorter distances in parallel computing applications and in phone
switching centers. And moderate improvements in optical and electrical
confinement through the use of oxide apertures are needed to help satisfy the
requirements for these ~10 channel arrays.

Perhaps future requirements for multichannel fiber links will force further
improvements in confinement for higher speed, but the most demanding
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application for VCSELs is free-space optical interconnections within

computers.
S o AR P

Type: Proton Implanted
Size: ~15-30um

- R Modedness: Multimode
= o vpmzoweowcew Application: Single
I 4-«-“-:’4 channel, 1.3 Gbaud
- | data links, ~10-200m
(a)
e omam e
*:M_;; ! Type: Oxide Confined
s " ] | Size: ~10-20um
e L-{_ Modeness: Multimode
L o Application: Multi
e TS channel, -2 Gbaud
P e data links, ~1-100m

Type: High Performance
Oxide Confined

Size: <6um
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Figure 1-10: Summary of various VCSEL applications and an
applicable structure. The necessary VCSEL size (and design)
scales with application requirements. (We have ignored
etched pillar devices since industry is already leapfrogging this
structure in favor of planar oxide confined structures. )
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The analysis of electrical interconnection vs. optical interconnection within
computers suggest that with present day drive voltages for pins and board
traces that an optical interconnect solution has almost a hundred-fold
advantage in terms of power consumption at gigabit speeds (in terms of the
power to send the actual signal), but if drive voltages are reduced to the values
present in research interconnects, then electrical interconnect power
consumption is on the same order as optical interconnect power consumption.

If free-space optical interconnects are to be used, then one would like to use a
convenient, low-power architecture. Previously VCSELs seemed only more
attractive due to packaging considerations, and SEEDs seem more attractive in
terms of power consumption and the ability to integrate easily with detectors
and transistors (though unattractive in terms of other packaging
considerations). However, my work and my colleagues work at UCSB has
helped both to improve the efficiency of VCSELs at low power (and smaller
sizes as desired for single-mode operation) and to ease the integration of
VCSELs and detectors making VCSELs more competitive with a modulator
based interconnect solution.

Lastly, laser printing may become another application for VCSEL arrays. The
power requirements per laser fall as the number is increased, driving
improvements in the efficiency in single mode smaller VCSELs.
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Chapter 2 :
Scaling of VCSEL Parameters

Introduction:

The major success of semiconductor lasers has much to do with the ability to
scale the device size. Not only are semiconductor lasers more convenient to
handle and package than much larger gas lasers, but also their smaller volume
makes possible much higher direct modulation speeds and higher efficiency at
lower output power. Consider that gas lasers like the CO, laser can have high
power conversion efficiencies of 20-30%, but at output powers around several
kilowatts. Typical in-plane lasers can reach such efficiencies at powers around
of tens of milliwatts and the VCSELs presented in this work can reach those
efficiencies at powers around hundreds of microwatts. Scaling down from a
gas laser to an in-plane semiconductor laser involves both (1) shrinking the
cavity length with similar reflectivity mirrors (which is possible because the
increased density of atoms in a solid relative to a gas creates a much higher
gain per length) and (2) shrinking the cross-sectional area (which is possible
because of fabrication techniques which circumvent otherwise significant
parasitics.) Similarly, fabrication of vertical cavity lasers can be viewed as
another step in the continuation of scaling of the laser size. The scaling from
in-plane lasers to vertical cavity lasers is again involves both (1) shrinking the
cavity length (by about a factor of a hundred) which is permitted by using
higher reflectivity mirrors, and likewise, shrinking the cross-section area which
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is possible with improved fabrication techniques to avoid parasitics. This
second step is key to improved performance, and a central topic of this thesis.
In this section, we will examine the both the advantages that scaling the area
has to offer and the limitations to doing so.

Ideal Scaling

In this section, we start with some very simple assumptions about laser
characteristics and examine the consequences for scaling of various VCSEL
parameters in order to present the benefits of ideal scaling. In a later section,
we will discuss what happens to this picture when the parasitics come into

play.
Slope Efficiency, Threshold current density, Diode voltage drop

Under ideal scaling, the slope efficiency (photons per electron or hole
injected), N, of a VCSEL would remain the same at all sizes and the broad
area threshold current density, J; and voltage drop across the active region,
Vp, would also be constant for all sizes. Thus, the threshold current, I7f,
would drop with R?, These assumptions imply that there are no excess optical
losses at any size, that the injection efficiency is also constant, and that there is
no lateral current or carrier leakage. However, we’re not assuming everything
else is so perfect.

Electrical Resi’stance

Ideal scaling (at least in this description) still implies varying electrical
resistance, Rg. For an etched pillar of radius, Rp, (as shown in Figure 2-1 for
the case of R=Rp) the resistance will be dominated by the current transport
through the pillar and vary approximately as 1/R*. This scaling is very
detrimental to device performance even though the pillar is sometimes a
convenient geometry for exotic microcavity VCSELs or those using impurity
induced disordering. What is even worse is that the current must all move
vertically through the structure, and as we will discuss in the next chapter, the
vertical conductivity is several times higher than the lateral conductivity. For
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the case of an apertured device, there is not an exact analytical form for the
resistance, but for the case the aperture is flowing current into a semi-infinite
region of uniform, isotropic conductivity (i.e. the pillar radius is much larger
and further away), then the resistance varies as 1/R. This scaling is not only
observed experimentally for top contacted apertured VCSELs as will be
described in the device results section, and but also this 1/R scaling is observed
for intracavity contacted devices[1].

It is useful to do a bit more analysis to determine how big to make Rp-R in
order to be in this 1/R scaling regime. Even with differing lateral, p7, and
vertical resistivities, py; one can determine an approximate analytic expression
valid when the aperture radius is large compared to the pillar height by adding
a pure vertical resistance, Ry, within 7<R in parallel with a lateral-vertical
resistance, Ry, for r>R. The lateral-vertical resistance is determined by
assuming the radial current flow looks like flow into a bar of width 2nr and
using the resistance for such flow as also determined for flow under finite
length contacts for contact resistance measurements[2].

2
L _mR”, 2R anh(AR/Lg,) (1)

1
— 4
Ry Ryy hpy pvpy

where AR = Rp — R and the characteristic length, LSA; =hp,/p, . More

1
Rg

interesting to look at is the ratio of the total resistance, RE, to the vertical
electrical resistance, Ry, through a pillar of radius R4:

Reg _ 1

Ry 1+(2Lgy, R)tanh(AR/ Lgy)

1
~ ———— (for short oxidation 2-2
1+(2AR/R) ( ) &2

1

~ ———— (for long oxidation
T+ @Loy R) O )

Because of assumptions we cannot expect this ratio to be that accurate, but we
can use it to get a good enough idea how big to make AR. We see there are
two length scales involved: For short oxidation, AR<LSAY/2, (which is 2-4
times the pillar height), then improvement depends roughly on the oxidation
depth in comparison to the aperture radius. For, say a factor of ten reduction in
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resistance relative to the etched pillar, AR>5R. For a 3um diameter aperture,
we would need to oxidize 8um which is still in the “short-oxidation” regime.
Of course for long oxidation the improvement reaches a maximum indicated in
Eq. (2-2). One must find some compromise because too long an oxidation will
increase the parasitic capacitance and limit the speed of the device even though
the DC resistance is lower.

For the case of 7um high mirrors for A=1.55um, full three-dimensional current
flow analysis of this problem has been performed by Near Margalit[3] using
the ATLAS program. The results show that the rule of thumb I derived above
works fine in the “short oxidation” regime, though the improvement levels out
more quickly. There was little (<5%) improvement once the oxidation/etching
depth AR was over ~15um.
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Figure 2-1: Current flow in the mirror of an apertured VCSEL.

Wall-Plug Efficiency

Given the size dependence to the resistance let us next examine the size
dependent of the wall-plug efficiency under ideal scaling. Typically the peak
wall-plug efficiency occurs well before thermal roll-over (because of the 'R
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term)' so we will put off thermal effects until the next section. The two
important cases to consider are when the resistance scales as 1/R and as 1/R%
We begin by assuming a simple dependence for the voltage so the wall-plug
efficiency is given by
_Pour _Pour ___ Pour
= = (2-3)
Py VI (Vp+IRg)I

We also assume a linear L-I curve so that
I=Poyr [(exVe)+ Irn - 29

Vp=hvl/q is the photon voltage, PoyT is the power out, and I7H is the
threshold current.

Let’s now take a look at scaling. If one kept the output power constant, then
one always must provide a minimum current even if /7=0. Consequently, the
increasing resistance at smaller sizes (as 1/R or 1/R? will eventually bring
down the wall-plug efficiency (at a constant power). However, this simply
means that peak efficiency occurs at lower powers for smaller size devices.
But the scaling of this optimum operating point depends on the scaling of the
resistance. In general, we can find the output power, Pop7 at which the wall-
plug efficiency is a maximum (dnyp/dpor=0). This occurs at a power of

Popr = NexVplry J1+Vp [y Rg)  (at max nyp) (2-5)

and the factor under the radical is the number of times threshold where the
maximum occurs.

Case I: Rg~1/R?

For the case of an etched pillar without an aperture or a very short oxidation,
RE=B/R?, where B 'is'a constant independent of radius. The threshold
ITE=nJB4R® scales inversely of the resistance. Then (using Eq. (2-5))the
output power, POpT, where the wall-plug efficiency is a maximum also scales
with R%:

Fopr =77£XVP7UBAR2\/1+VD/(JBAB”)=PDOR2 (2-6)

1 This is not true for very large devices as we see in the next section.
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This implies that the peak wall-plug efficiency always occurs at a particular
power density, Ppg, which further implies that the peak wall-plug always
occurs at a particular current density, Jpg. This leads to the conclusion that
(under this scaling of the resistance) the maximum wall-plug efficiency is
constant with size! (although the power at which this maximum occurs gets
smaller with size)

. Ppo
WPlPEAK (VD +J DO”B)JDO

Although scaling will not improve the peak wall-plug efficiency, it will
improve the efficiency at lower powers.
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Figure 2-2: Ideal scaling (constant JTgy, 1;) of power for peak nyp and
value of peak ny, for the case that Rg~1/R%. This graph also
applies conversely to give the optimum device radius for a
given output power.

Another related problem to solve is to start with a given output power PO{Ts,
and ask what is the optimum radius device, ROPT, for the highest wall-plug
efficiency at that output power. Here we set dnyp/dR=0 and solve for R.




Chapter 2: Scaling of VCSEL Parameters 39

However, it turns out that the optimum radius is just given by inverting Eq (2-
6). So the optimum radius ROpT~(PoUTp)"”. This may seem obvious, but
these problems give different answers in the next section. Figure 2-2 graphs of
the scaling using some optimistic typical values: 1ng=0.6, .Vp=1.26, Vp=1.3,
B=5.04kQ-um?, Jp4=500A/cm’.

Case II: Rg~I/R

When the depth of the oxidation or etching is sufficiently large, then for
intracavity contacted or p-mirror contacted devices the resistance
approximately follows Rg=C/R, where C is a constant independent of radius.
We can again use Eq. (2-5) to determine the output power where the wall-plug
efficiency is a maximum,

Popr =g Ve g R 14V [(J5,C7R) (at max 7yp) (2-8)

At large sizes POpT ~R? which implies the peak wall'-plug efficiency occurs at
some constant power density and constant current density as R —> . But
when RE~1/R, then a constant power and current density implies that the peak
wall-plug efficiency falls off as nyp.peax~1/R for large R.

The other extreme is R — 0, and we see that Pop7~R*>. Turning the crank
further, we find that

Mwe| = NexVe (2-9)
PEAKRSO 4 JVpCJganR

Unlike the case for Rg~1/R?, the peak wall-plug efficiency actually increases at
smaller sizes and eventually reaches its maximum value of ng, V' p/Vp for R=0.

The other problem to solve is the determine the optimum radius, RppT, for a
given output power, POpUT0- Because the peak wall-plug efficiency improves
with smaller device radii, it actually is advantageous to choose a device of
slightly smaller size such that Poy70>POpT rather than use the larger size
device at which PoyTg=Pop7. This is a subtle distinction, but it does make
some difference. To find the operating point, we compute the combination of
R=RopT and PoyTp which satisfies dny/dR=0. The scaling is indicated
graphically in Figure 2-3. (As R = 0, RopT~<(PoUT0)*’.)
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Regardless of the differences between these two problems, the main trends are
clear. When the resistance scales as 1/R not only do smaller devices provide
higher wall-plug efficiency at lower power, but also the peak efficiency is
higher in general at lower output powers.
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Figure 2-3: Ideal scaling (constant JTg, ngx) of power conversion

efficiency for the case that Rg~1/R. The solid lines indicate
the power, PopT, where the peak 1, occurs and its value at a
given radius. The dashed lines are for the converse problem.
For a given power, the dashed lines indicate the optimum
radius, ROPT to choose and the 1y at that radius and output
power (Parameters: 1,=0.6, .Vp=1.26, Vp=1.3,
C=684Q-pum, Jp4=500A/cm?)

Operating Voltage

Maintaining low operating voltage is extremely important given that voltage
supplies running around on circuits keep going down. Already 2.5 volts is a
maximum for many applications. We know if we keep the same operating
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current, as we reduce the size that that the resistance will skyrocket and so will
the voltage, but if (as in the case that RE~1/R?) the power density is held
constant in order to keep the operating point at peak wall-plug efficiency, then
the operating voltage will remain constant with size. In the case that the
resistance scales with as Rg~1/R, then the operating voltage will go down

approximately as Vj, +VpCJ g aR (for small R) when the power or size is
set for peak efficiency. So scaling may not be so bad for the operating voltage.

Heating

So far we have ignored heating effects, but now let’s examine the scaling of the
temperature rise. For an etched pillar or an apertured device of radius, R, the
thermal resistance will vary approximately as 1/R in theory and in experiment
as confirmed by many others measurements of VCSELs. And the temperature
rise is given by

AT = RTHPD
1 (2-10)
4R Mwp

If we keep the same output power, eventually the increasing thermal resistance
will be a show stopper as size decreases, but we can ask again what happens if
instead we try keep the same power density, Pp, as we would like to in order
for maximum wall-plug efficiency (for the case that Rg~1/R?). Then, as
discussed above, 1 is constant with size and the temperature rise will vary as

AT=P-Ti;zR2P,§(—1——1)~R 2-11)
4R Mwp

Thus, the temperature rise actually gets lower with size. This implies that if we
were to include thermal roll over in the previous analysis of the wall-plug
efficiency (still under the other assumptions of ideal scaling, namely, constant

JTH, Nex), that the peak efficiency (rather than being constant for all sizes as in
Figure 2-2) would drop at larger sizes.

For the other case that the resistance scales as Rg~1/R, the math is uglier, but
as R->0, then POyT~R*"* for the optimum wall-plug efficiency. Then, AT~R'".
This is slightly worse scaling of the thermal drop, but it still is lower at smaller
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sizes. Both cases, imply another important point: the peak power density
before thermal roll-over should be higher in ideally scaled smaller devices

Modulation Speed:

The modulation bandwidth of VCSELs can be found from the relaxation
resonance. For bias currents sufficiently far above threshold to insure effective
carrier clamping, the frequency of this resonance is given by[4]

1 I've & "2 1/2
fk=; '7.'7175(1-1:;,) = MCEF(I - I'y,)
(2-12)

1/2
1 r,r A4
=—{n L B, ,
2r gL N

Provided the damping and parasitics are not too large, the 3 dB modulation
bandwidth is about 1.55 JR- Here V=1R2[ is the cavity volume and I” e 1S the
enhancement factor, and dg/dN is the differential gain. Under ideal scaling the
threshold gain does not increase at smaller sizes so the differential gain also

12) it appears that scaling would have no advantage for the maximum -3dB
bandwidth. However, the lower heating at given power or current density from
in smaller devices means that they will be able to reach a higher J-J;;; before
the gain increases the differential gain drops due to heating,

Eventually, we might have to worry about scaling to smaller size and lower
power because of the shot-noise limit since the noise floor RIN~1/PoyT:
However, around 100uW, this is typically not a concern,

Yield
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device becomes much more important, but let us assume for the moment that it
is possible to have precise control over the area of the device, then the yield for
an array of VCSELSs is limited more by the defect density, pp, on the wafer. In
that case the probability of a given number of failures is a Poisson random
variable[5], and the yield, ¥, for an array of N devices is found from ¥ = 1-
{probability that at least one device has defects in the active region} and is
given by:

Y =exp{-ppaR>N} (2-13)

So we see that as the array size increases it is better to be using smaller devices
for similar yield. This principle may also apply even without ideal scaling, but
if the operating current density or temperature in the active region is
significantly higher in smaller devices they will be apt to degrade more readily.

Summary of benefits of ideal scaling:

The analysis in this section has shown that despite increasing thermal and
electrical resistance at smaller sizes, the device properties can improve at
smaller sizes for lower operating powers if the broad area threshold current
density and slope efficiency can be kept constant with size. The following
table summarizes the different trends:

Paramecter Size Dependence

Long Aperture Short/No Aperture
Jm constant constant
Nex constant constant
R, , “1/R ~1/R?
Popr = Power for peak nyp ~R** (as R—0) ~R?
Nwe at Popr TasRY constant
Voltage (at Popr) VasR{ constant
Roy ~1R “1R
AT at Pgpr ~R"? (as R—0) ~R
MCEF ~1/R ~1/R
MAX f,m TasR{ TasR{
Yield (limited by defects) exp{-ppNnR?} exp{-ppNnR?}
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Table 2-1: Scaling of VCSEL Parameters under idea] conditions of no
optical, current or carrier losses

Barriers to Ideal Scaling

Size Dependent Optical Scattering Losses

Perfect scaling of the external efficiency implies constant injection efficiency
and constant optical efficiency, Topt = Tour (Tpyr + Lgr) where T, OUT is the

optically smooth structure). See Figure 2-4, VCSELs confined by ion
implantation do not have the problem of e€xcess optical losses, but they provide
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different depths[1]. And an extensive discussion of scattering losses due to
modal mismatch apertured VCSELs and experimental measurement of losses
will be given in the Chapters 4 and 6. For now, let’s just look at the
consequences of excess losses.

(a) ' (b)

Figure 2-4: Optical scattering loss mechanisms from roughness
(straight arrows) and from modal mismatch (curved arrows)
for (a) an index apertured structure and for (b) an etched pillar
structure. Chapter 4 provides further discussion of (a).

The excess optical losses which are a combination of these scale approximately

as
-2.7
R
Lg = (E] (2-15)

In etched pillar devices, this size dependence is measured experimentally and
expected theoretically from both modal mismatch [6] and roughness [7] in
etched pillars devices. (Babic estimates the size-dependence of sidewall
scattering losses by examining a corrugated waveguide in [7]). For index
apertured devices, the scaling law is less accurate, but still roughly true in both
theory and experiment (as discussed in Chapters 4 and 6).

The key point for now is that these scattering losses increase rapidly below a
characteristic radius. Once the losses turn up, other device characteristics
quickly degrade. Increased losses not only mean a lower slope efficiency, but
also an exponentially higher threshold (JTH~exp(Ls)). This higher current in
the active region in turn leads to increased lateral leakage current and further
increase in threshold. | '
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For etched pillars the losses become comparable to the background losses,
LB4, below a radius around Sum and for “traditional” index apertured devices
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Figure 2-5: Scaling of excess optical losses (equivalently excess gain)
in etched pillar and ajr and oxide apertured VCSELs

Lateral Current and Carrier Leakage
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Alry = —121 + R\nJ g4I, = some constant + R(some other stuff)  (2-16)

This scaling is very similar to the scaling of the leakage due to diffusion under
the assumption of no current spreading. Since both mechanisms involve flow
out the edge of the device one expects some scaling with device perimeter.
Thus, it is hard to separate their effects when fitting the size dependence of the
threshold current. On the other hand, this means it’s easy to fit any kind of
leakage current with a single size-dependence. ‘

Figure 2-6: Lateral leakage from spreading of the current between the
active region and the aperture and diffusion of carriers in the
active region

It may appear as though current spreading above the active region would mean
that above threshold. one is also wasting current laterally and the injection
efficiency should go down. However, the analysis in Chapter 5 and
experimental evidence in Chapter 6 will show that because the diodes in the
active region clamp, this is not the case. Only a small decrease in the injection
efficiency is expected. '

In the case that current spreading is significant then the carrier density injected
into the active region already has a much smaller gradient than would exist if
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current spreading were absent. Consequently, lateral carrier diffusion should
be low. However, if current spreading above the active region can be
eliminated then the gradient in the injected carriers is much larger so the
scaling of the threshold (forgetting about optical scattering losses) is limited by
the diffusion of carriers in the active region.

The scaling of the diffusion current can be found approximately from solving
the equations for diffusion and recombination in the region r>R which does not
have any injected current:
I, = —th(Zﬂr)@

ar

2-17)

dr

where I, is the radial current, ¢ is the thickness of the layer with the carrier
diffusion (the quantum well or SCH thickness), D is the diffusion constant and
7 is the recombination time (assumed independent of n). The equations can be
rewritten in a normalized coordinate o=r/Lp, where Ly=(D1)"2. One then
obtains:

= «qtg(Zﬂrr)

Alry =1,(R) = gtDn(R)27R,, 11<{ ! Ei"’; ~qtDn(R2z(Ry +1)  (2-18)
0\Ry

where Ry=R/Lp and Ky and K 1 are the modified Bessel functions of the 2™
kind. For RA>1/2, the approximate expression on the right holds although as
R0, RNK 1RNYKAARN)0. To really be accurate, one must use the correct
carrier concentration at R which at small size R~Lp may differ a fair amount
from the carrier concentration in the center. However, the approximations of
the recombination rate and diffusion constant being independent of » are
probably bad enough that pursuing greater accuracy within this model is a
moot point. The main message here is that the excess current at threshold
scales roughly with R + (some constant), which is similar to the scaling of the
current spreading. The other point to consider is that when reasonable
diffusion constants are chosen 5-20cm?/sec, then the diffusion current is
typically much less than the current spreading assuming some average
parameters. Further discussion and examples of the spreading will be given in
Chapters 5 and 6.
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Removing lateral carrier diffusion is a difficult problem for VCSELs which
will not be addressed in this thesis. Already millions of dollars have been
spent at UCSB trying to remove lateral carrier diffusion in VCSELs without
major success but perhaps regrowth is the most likely candidate for solving this
problem.

Impact of Optical Scattering loss and Current/Carrier leakage:

Figure 2-7 compares how the various optical and electrical loss parasitics will
effect the scaling of the threshold current. Realistic numbers were chosen as
detailed in Table 2-2 (e.g. the scattering loss is approximately that from an
80nm thick oxide aperture in the first mirror period), but the curves are
presented mainly to show how they change qualitatively.
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Figure 2-7: Scaling of threshold with various parasitics

For example, only excess optical losses can cause the curves to turn up at small
sizes (This fact does not imply that if a measured /77 vs R curve does not turn
up that there are no excess optical losses, but the converse is true.)
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For the wall-plug efficiency, we expect under ideal scaling that smaller devices
will be better for at lower powers and that the wall-plug efficiency should be
higher at lower powers (using the optimum device size) provided the
resistance, Rg~1/R. Figure 2-8 shows what happens when we have parasitics.
To generate the curves, the wall-plug efficiency vs. size was calculated for a
given output power, then the optimum size for a given output power and the
corresponding wall-plug efficiency was found. The parameters and equations
of model are pretty simple and shown in Table 2-2. The scaling of resistance is
better than in the devices measured in this thesis and represents what might be
characteristic if optimized carbon doping was used. The current spreading
parameter was chosen to be characteristic of the best performing devices in this
work. But again, let’s first explain the plot qualitatively.

In general, the optimum radius is smaller as the output power is lower. But
when scattering losses occur, the slope efficiency drops rapidly below a
particular radius (in this case 2um), this forces the optimum device sizes to be
larger than this radius. When scattering losses are eliminated, but current
spreading remains, then the optimum radius is slightly lower than the ideal
case because it is still advantageous to shrink the size for lower threshold
(Though resistance increases slightly over the ideal case this is less of an issue
at larger sizes).

The main point to take from Figure 2-8 is that the optimum radius is <~3um,
for output powers below 1mW and that at these small sizes eliminating
parasitics has a large effect on the wall-plug efficiency obtained. Essentially
removing excess optical losses and reducing current spreading is important for
improved efficiency at output powers <ImW. We only showed the case of
RE~1/R; so we should remember that the ideal scaling curve in Figure 2-8b
would be flat if Rg~1/R2
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Ls =0.3(%RT)(R/R, )7 Ry =2um
Jacr =Jpqexp(Lg /G,) G, =1.06%RT (for 3 - 8nm InGaAs wells)
Licr = J 4ornR* J g4 = 500A/cm?
Ity = Lacr +1,/2+ 1 4¢11, [, =1004A
T T =0.7%RT, Ly, = 0.2%RT
ﬂEX:”iT+LBA+LS n; =09
1= Pour [(ngxVp )+ Iy Vp =126
Ry =C/R C = 684Q ~/m
V=Vp+IRg.ngp = Pour /(VT) | Vp =1.3volts

Table 2-2: Relations and parameters for calculations in Figure 2-7 and
Figure 2-8

Resistance-Capacitance Speed Limit

A barrier to the higher modulation bandwidth expected in smaller VCSELSs is
their higher resistance in combination with the capacitance. However, we
should note that one must consider the dynamic resistance which is affected by
the amount of capacitance. Figure 2-9 shows why. Either in intracavity
contacted or mirror contacted devices, the RC limit is given by the source
resistance, Rg, in series with the dynamic resistance, Rp, times the dynamic
capacitance, Cp, .i.e. ==(RTpCp)=(Rp+RS)Cp. If the frequency is high
enough then the resistance, R, one encounters is pretty low, since the current
will be flowing straight down to the aperture. In an intracavity contacted
device there are no mirror periods to go through so the Rp at high frequency is
even lower. In this case the total dynamic resistance at high frequency is
RTD~R$=50- no matter how small the aperture is. For the case of a mirror
contacted pillar of radius, Rp, at high frequency the time constant © becomes
frequency independent because (Cp~R PYRD~1/Rp2 + Rg)~(constant + R p?).
In both cases, the high frequency limit still depends on the pillar radius because
of the capacitance in combination with the source resistance. Thus, reduced
capacitance with thicker layers or less area is somewhat more important than
reduced resistance (as far as the maximum 3dB bandwidth). Of course for
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impedance matching to avoid reflections over long transmission lines, the
dynamic resistance is very important.

N—
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\

(a)
] |
(b)
Figure 2-9: Contours of (a) DC and (b) AC current flow in an apertured
structure
Conclusion:

In this chapter, we first examined what benefits one obtains by ideal scaling i.e.
being able to maintain a constant J77 and ngy as device size shrinks. Not only
is the threshold lower as size is reduced, but also the wall-plug efficiency is
higher at lower powers, and even the operating voltage and operating

-temperature (at the optimum operating power) can be lower despite increased

electrical and thermal resistance that comes with smaller sizes. Furthermore
the peak power density, the MCEF and the maximum -3dB bandwidth are also




54 Chapter 2: Scaling of VCSEL Parameters

higher in smaller, properly scaled devices. Finally, when array yield depends
on wafer defect density, smaller devices are advantageous.

Unfortunately, all these benefits are not realized in actual devices due to optical
scattering losses, current and carrier leakage. Removing these parasitics is
especially important for improved wall-plug efficiency at powers <ImW,
which is needed for denser arrays for free-space interconnect schemes as
described in Chapter 1.

This chapter already outlined some of the parasitics including their magnitude
and their impact on device performance. However, the understanding of the
effects rest upon the analysis of actual devices and the theoretical models that
confirmed those hypotheses . Essentially, many of the comments made in this
chapter about parasitics in apertured VCSELs would not have been possible
without the theoretical and experimental analysis of the size dependence of
device parameters that is to be described in the following chapters, and others

analysis of their own devices using the models which have yet to be presented
fully within this work.
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Chapter 3 :
Vertical Design Issues

Probably the most important part of VCSEL design is not the lateral current
and optical confinement method, but the design of the layer structure (in terms
of the doping, layer composition, number of wells, and number of mirror
periods) for improved performance of all sizes of devices. Most of the basics
(i.e. figuring out mirror transmission, and the quantum-well gain model) have
been covered very well elsewhere, so here we will just summarize some issues
and focus on a few points not emphasized by other descriptions.

Loss and Gain

The biggest constraint in the VCSEL vertical design is the background
absorption due to the doping. Typically, this value is 0.2-0.3%' round-trip at
~1000nm in AlGaAs mirrors with reasonable doping whether you use
intracavity contacts or not. And it is difficult to change this value by any

I Dapkus’s group has done a careful loss measurement in low-doped devices and
obtained 0.14% round-trip loss[1], and this is also the value estimated for the best devices
presented in this thesis.
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significant factor. This amount of loss dictates the output mirror transmission
should be 0.5-1.0% for reasonable slope efficiency, which in turn dictates the
number of InGaAs quantum wells should be three in order to have enough gain
(unless the device is operating at 77K, in which case, Just one well is enough to
provide 1% round-trip gain[2]!). For four wells the enhancement factor goes
down so each well is still operating at almost the same gain per well as for
three wells. These basic design issues are described well in Chapter 5 of Scott
Corzine’s thesis[3], Section 2.7 of Randy Geel’s thesis[4], Appendix D of Jeff
Scott’s thesis[5], and Section 2.1 of Brian Thibeault’s thesis[6].

Comment on value of absorptive loss

The absorption for GaAs at 980nm we have commonly quoted over the years at
UCSB has been 11cm™ per 10*cm for p-type material and Scm'” per 10"%cm
for n-type material for A~1 pum([5, 7-10]. However, the p-type value is not
strongly based on measurement, and I will summarize others discussion in
order to question the folklore. In Chapter 5 of his thesis[3], Corzine has a
scatter plot of various measured values for absorption at various doping levels.
Although the values measured for n-type material suggest that an approximate
linear relationship between concentration and absorption is valid and the
commonly quoted constant 5 cm™ per 10"%cm fits others results (including the
measurements presented below of transmission through n-substrates), the
absorption data for p-type material is scattered. In fact the single measured
value near a hole concentration of 1 10'%cm® (and A=950nm) is 17 cm™'[11].
But this value is higher than that measured at 1.3um which is contrary to the
trend of higher intervalence band absorption at longer wavelengths (See
section 4.4.1 of Babic’s thesis[10]). So while the folklore value of 1lcm
'/10"%m™ may not have been directly measured, it isn’t necessarily wrong.
And at 1.55um, Babic’s compilation of data does show a “clean”
approximately linear trend of absorption with hole concentration at 1.5 pm. In
any case, these values need some error bars,

Growth Tolerances

By growing a wavelength calibration sample before the laser, most MBE
growths at UCSB are within +1% of the design wavelength. (The use of
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calibration samples before MOCVD growth have provided +0.6% thickness
control[12]). But occasionally due to redistribution of recently loaded source
material (which seems to be more trouble in smaller hot-lipped effusion cells)
or simply due to lack of source material shifts of -7% to +2% from the design
wavelength can occur, if you’re unlucky. Structures with shorter oxide mirrors
more likely to come closer the design thicknesses (hitting the design
wavelength of course depends upon oxidation conditions which are beyond the
grower’s control) because the cavity is grown closer in time to the calibration
sample. With proper® white light in-situ monitoring +0.5% thickness control is
possible[6]. The control of the thickness is not only important for the lasing
wavelength, but can be intolerably important for the thickness of the DBR
periods away from the active region when the index step is small.
Consequently, increasing the Al fraction from 70% to 90% in the top DBR
helps reduce the problem of the parasitic transmission in bottom emitting
structures. (And colder growth has allowed Be doping of the 90% Al layers
and discussed in Chapter 6.) |

The other constraint in VCSEL growth is control over the wavelength of the
gain peak of InGaAs quantum wells. Typically, reproducing the desired
wavelength photoluminescence is relatively easy compared to the wavelength
because the same In cell temperature gives nearly the same growth rate (at least
it is more trustable sometimes than InGaAs RHEED on GaAs).

Substrate loss:

While bottom emitting (through the substrate) configurations are convenient
for flip-chip bonding, substrate losses can drain some of the output power in an
otherwise efficient device. P-substrates are generally lossy enough® that they

2 For the in-situ monitor to work, the light should be centered on the sample and the
sample temperature must be known. Sometimes centering is difficult to achieve during
the growth interruption, depending upon the angle of the substrate holder, because
monitoring is normal to the surface. A more robust design would have the monitor
permanently fixed outside the chamber (perhaps through ellipsometry ports) so the
measurement angle and position on the substrate is fixed and only the substrate angle is
adjusted.

3 P substrates with moderate doping are difficult to obtain and those with high doping
(~5€18 /cm-3) transmit only 10% at A=1pm [10].
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are not even considered for substrate emitting devices, but even n-substrates
have enough loss that it is desirable to avoid them and make an n-intracavity
(or p-intracavity, if you grow your device p-side-down) contact. To measure
the loss, one can take different wafers and examine the reflection from the
bottom using a spectraphotometer. We can even examine the wafers post-
VCSEL-growth (by looking at the reflection within the stop-band of the DBR)
in order to characterize the material instead of contaminating good epi-ready
wafers. For VCSEL epi, the reflection can be normalized to the reflection from
the top of the structure. Because of the substrates’ thickness and the linewidth
of the spectraphotometer, the internal reflections add incoherently i.e.

&:Rﬁa—&fﬁ&P+m&ﬁ+@mJﬂﬂm] (3-1)

Adding these up, you get the following formula:

R 172
%=[ —L ] (3-2)
(1=R\)°Ry + RiR, (R - R))

where R7 is the total reflection from the bottom of the substrate, R, is the
reflection from the top surface (~1 in the stopband of a VCSEL), R, is the
reflection from the substrate/air interface and T S is the substrate transmission
(All values are power reflection/transmission coefficients.) Figure 3-1 shows
what the symbols mean, and Figure 3-2 plots the relationship between Ry and
Tg for the case of a R;=0.31 and R,=1.

The bottom line is that n-substrates only transmit 65-80% of the light
depending on the doping which varies even among wafers cut from the same
crystal (lower wafer numbers for wafers from MCP usually have lower
doping). This transmission corresponds to an absorption of 5.6 cm™ to 11cm™
and this is consistent with the usual estimates for loss in n-type material given
that the wafers were specified to be Si doped between 1 and 2x10"%cm. On
the other hand, SI wafers transmit 87%. So you can get a improvement in
slope and wall-plug efficiency of as much as 30% by using the SI substrates Sor
bottom-emitting devices. :
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Figure 3-1: Schematic of reflections within the substrate

Contacting Scheme

Simply from the point of view of substrate loss, n-intracavity (or more
generally, bottom-intracavity) contacts look attractive for bottom emitting
devices. Although intracavity contacts allow one to bypass the mirrors
typically one needs highly doped thick 3A/4-5A/4 layers and these layers, if
placed near the active region, add a considerable amount of loss (in addition to
increasing cavity length). One can bring these layers a few periods back to
avoid the loss (and avoid a longer cavity) or one can devise an intracavity
contacting scheme to avoid these thick layers* or one can pump through the
mirror. For the p-mirror (or top mirror, in general) this has the advantage that
you have a big. area to contact before the current gets funneled into the
aperture. Chapter 2 of Brian Thibeault’s thesis has a good discussion of the
trade-offs in loss and voltage for single, double, and no intracavity contacts.
The analysis leads to the general conclusion that a p-top contact and n-
intracavity contact will provide the optimum configuration, and in practice,
devices with large area (20-50um diameter) p-top contacts have yielded the

4 Instead of only using reactive-ion etching to reach the p-intracavity contact, one could
use a combination of both RIE and selective wet etching with citric/peroxide to reach the
p-contact. Then a thick undoped layer can be placed above the contact layer to stop on
using RIE and then the wet etch used to stop right at the top of the p-GaAs allowing use
of a much thinner, highly doped layer (placed ideally at the null, if you shift the usual
AlGaAs/GaAs interface)
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highest wall-plug efficiencies. Although fewer have been made, p-side down
VCSELSs are showing comparable to better performance than n-side down(13].

1 AR AR R R RS R 5
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reflection from substrate

-

Figure 3-2: Relationship between substrate transmission and reflection
from the bottom for a GaAs substrate with a top mirror of
reflectivity ~1.

Because of the easier processing of p-top contacted devices, p-intracavity
contacts are typically not worth the effort except in two cases: devices
operating at low- temperature (77K)[2] where the thermionic emission is low
and WDM VCSEL arrays employing dielectric mirrors to widen the mirror
stop-band (and hence) the tuning range[14]. Initial designs used in this work
did not employ any intracavity contacts, simply for easier processing. But
optimized designs used an n-intracavity contact which was placed a few mirror
periods into the bottom DBR. (We will discuss the designs in more detail in
Chapter 6.)
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Mirror Doping/Grading Scheme

Lower Resistance vs. Higher Loss

A major trade-off in VCSEL design is the device resistance vs. the optical
absorption. The resistance of the DBR is roughly inversely proportional to the
doping (assuming you can properly engineer the interfaces to remove the
* voltage drop), and the loss is roughly proportional to the doping (or more
precisely, to the free carrier density). So a nice figure of merit for a design
might be the resistance-loss product. And it turns out to be a good one (if you
can be a little generous with approximations).

Consider the wall-plug efficiency which varies with device resistance, output
coupling, drive current, etc. Aside from the injection efficiency, diode turn-on
voltage and - photon energy, it can be shown that the rest of parameters
controlling the maximum wall-plug efficiency can be wrapped up into a single
parameter called the loss-voltage, ¥7.[15] V[ is the excess voltage drop due to
optical losses alone, and the wall-plug efficiency always increases for smaller
Vr. This voltage drop is proportional to the resistance of the device and the
change in threshold due to losses. But the change in threshold due to loss is
linear with loss’. So ¥V is proportional to the resistance-loss product.
Consequently, to maximize wall-plug efficiency one needs to minimize the
resistance-loss product.

Minimizing resistance and loss for the whole mirror

Assuming pumping through the mirror is employed, one needs to choose an
average level of doping between the mirror interfaces and try to reduce the
mirror interface resistance. The field intensity is stronger closer to the active
region; so intuitively it would be better to lower the doping in this region and
increase the doping for the upper mirror periods. (See Figure 3-3)

5 To a first order approximation. Of course everything varies linearly to first order, but
the point is that the first order term is significant.
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Suppose the first five mirror periods (about equal to one mirror penetration
depth, L,,) are doped (on average) at a low level and the upper periods are
doped (on average) at a higher level. What's the optimum ratio between the
doping in the high doped vs. the low doped region? The answer is about a
Jactor of three.

P-Mirror Design
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Figure 3-3: Relative field intensity in the top mirror of a VCSEL.

To deduce this factor, we will assume that we have two doping schemes for a
mirror period. One design with a factor £ lower resistance than the other, and
we will assume the doping designs are optimized so that they have the same
loss-resistance product averaged over one mirror period (This isn’t a bad
assumption as we’ll see in the next section.)

Low Doped Region Loss =f'Ly Resistance=f Ry

High Doped Region Loss= Ly Resistance= Ry

Because ~2/3 of the optical power is the first fifth of the mirror, the loss-
resistance product for the whole mirror is given by:

LR=[4 (L) 1)+ YL % Ry + Y (R )]

=LHRH[2/(3f)+%I%+f/5] )
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The factors on the right reaches a maximum for f=3.

We can take this analysis a step further and assume we have an arbitrary field
distribution, @(z), and ask, if the loss-resistance product were always a
constant, €, at a _particular location, but you could vary the loss (or the
resistance) profile what should the relative distribution of loss a(z) look like?
We would want to minimize the loss-resistance-product over the whole length
of the device:

L LQ
Q, = O(2)dz | (=L dz 3-4
L [Oja(z) (2) )[Oja(z) J (3-4)

To solve for the function a(z) such that Qj is minimized, we can use
symmetry arguments to make a good guess and then use the calculus of
variations to prove it. The answer is:

a(2) = Qo /[t yO@) | (3-5)
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Figure 3-4: Relative Field"2 (ignoring standing-wave effects) in a DBR
along with the ideal relative loss distribution for the minimum '
loss resistance product and a two-step approximation
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For the case of a field decaying exponentially, then the relative loss should be
increasing exponentially at half the decay rate or doubling about every seven to
eight periods (for an AlGaAs/GaAs DBR). Figure 3-4 compares this result
with the earlier two-step approximation. (Perhaps three steps would be worth
the effort.) And Table 3-1 compares the relative improvement in the loss-
resistance product for a mirror six penetration depths long.

Doping/Period over length of DBR | Entire Mirror Loss Resistance

Uniform Qu
Two-Step (Low then high) 0.78 Q,
“Ideal” ~ exp(z/(2L,)) 0.66 Q,;

Table 3-1: Comparison of relative doping for the whole mirror

Another doping (or carrier) profile to calculate is for a thick section of material
with uniform index (like a contact layer) with an intensity distribution, sin’(kz).
Here the doping should vary proportional to 1/|sin(kz)|]. Of course, all our
assumptions about loss vs. doping and resistance vs. doping fail at the zeros of
the sine function, but we can ignore values above, say 20, and then have a
useable distribution.

Aside from problems of Be dopant diffusion, the time to change dopant cell or
carbon filament temperature (order of ~1 minute) makes such precise
continuous variations impractical (though step variations over longer distances
of ~0.1um as in the first example are realistic). However, by using “digital”
doping or by using a quickly tunable gas source for carbon doping, more fast
and precise changes in doping level may be possible.

Traditional design: Minimizing resistance within a p-mirror period
(Valence band engineering)

Much previous work at UCSB([7, 16] has focused on engineering a flat valence
band around the mirror heterointerfaces with more regard for minimizing
voltage than loss. Here one designs the junction with the philosophy that the
potential created by the change in the doping profile should cancel the potential
barrier created by the bandgap change. For a uniformly p-doped heterjunction
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between GaAs and AlGaAs a depletion of holes occurs on the AlGaAs side and
an accumulation of holes occurs on the GaAs side. To fix this problem, the
junction is graded, extra doping is added to the AlGaAs side, and doping is
lowered (or even made n-type) on the GaAs side. If the valence band were flat,
the free carrier distribution would be uniform. So one designs the distribution
of excess ionized dopants (The excess being the difference between the doping
level and the carrier concentration - which should be uniform and equal the
average concentration.) so that the potential created by these charges exactly
cancels the potential change in the bands.

A now common scheme (investigated experimentally by Peters[7]) is to bi-
parabolically grade the junction and use square doping profile (as we will see
later in this section). One may also linearly grade the junction and use delta-
doping. However, in a mirror with many periods, the use of delta-doping may
create a significant disturbance to the lattice and is suspected of damaging
material during high temperature anneals[9]. Straining of the lattice is worse
for carbon than for beryllium[17], and is suspected of exacerbating roughness
in DBR mirrors doped using a carbon-filament[7]. Thus, designs in this work
did not use delta-doping.

The schemes for creating a flat-valence band generally produce a uniform
carrier density. However, we know the standing-wave pattern, that this is not
what we want! In addition, from the point of view of lateral conductivity,
accumulations in the hole concentration are good. Intuitively we expect
improvements by higher doping where the standing-wave is weakest. In the
following sections, we aim to quantify what doping profiles are necessary and
what improvements they make.

Loss and Resistance within a p mirror period

To compare different designs, it would be handy to use the loss-resistance
product across a mirror period. However, an accurate model of the resistance
is rather complicated. Programs like, SimWindows, provide one though the
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assumptions are not clear and the results are sometimes suspicious’. On the
other hand, solving Poisson’s equation for the steady-state carrier, field and
potential distribution is a problem more clearly defined and relatively
straightforward (and can be verified by several programs). Perhaps the most
simplistic model for the resistance of a mirror period, R, is to simply

integrate the resistivity:
L

£ 1
Ry= [—— 3-6
ey -0

where p(z) is the hole concentration from the solution of Poisson’s equation,
p(z) is the mobility and Lp is the length of a mirror period. At a first glance,
this model appears distastefully simple. We have ignored diffusion current and
the heterobarriers. But the latter claim is not quite true. The heterobarriers
will cause depletion of charge (accounted for by the Poisson solver) which will
appear as increased resistance. In fact, if the integral of the free carrier density
is fixed, then the carrier distribution to minimize Ry, (ignore mobility changes
for now) is a flat carrier distribution which is created by a flat band. And if the
carrier distribution is flat, then diffusion currents should be small. For the case
of significant depletion (as in a p-n junction), Eq. (3-6) overestimates
resistance. In fact, a p-n junction diode would have nearly infinite resistance
(which is still correct to zeroth order at V=0) since the depletion region
removes all the free carriers. This inaccuracy is a result of ignoring the
redistribution of carriers with bias and subsequent diffusion currents.

6 If one simulates a bi-parabolic grade with a doping of pg+3p along the parabola on the
AlGaAs side and with a doping of po-3p along the parabola on the GaAs side (and a
doping level, pg, everywhere else), then one can find a value for 8p (call it SpF) such that
the band and the carrier concentration is the flattest. One can also find the value of op to
minimize the current density SIMWINDOWs calculates at a small bias voltage across the
mirror period (0.01 volts). (Call this value SpR.) When the mobility is independent of
composition, then SpF=8pR as expected. However, when the mobility varies with
composition (but is still independent of carrier density) SpR<SpF. For a grade from x=0
to x=90% over 28nm with pg=le¢18cm-3, 8pF = 1.5¢18cm-3 and 5pR=0.6e18cm-3. This
might make sense if the lower mobility region is on the GaAs side (as discussed below),
but the lower mobility region is in the AlGaAs. Continued on next page. And the result
is not related to the direction of current flow since both up and down gradings are within
one mirror period. A free drink awaits the first person who can explain this result
satisfactorily.
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Although Eq. (3-6) doesn’t accurately model the resistance in all cases, at least,
if we minimize, Ry, then the true resistance should be correlated with it.

By using the integral of the free carrier density times the standing wave,

a, = (1 lem™ /108 em™3 )2'; f’" [sin(27/ L,,2) +1]p(z)dz (3-7)

along with an estimate for the mirror resistance, Ry, we now have metric, the
loss-resistance product, a,y,Ry,, which we can use for comparison of various
designs.

P-Mirror Period Designs: a comparison

In this section, we’ll examine various doping/grading schemes for mirror
periods and compare their loss and resistance. The simplest mirror period
design is to use a linear grade and spike the doping along the grade (See Figure
3-5). For a doping step large enough for low resistance, the design suffers
excess loss, and for lower doping the design has a depletion region on the
AlGaAs side and excess resistance. Figure 3-6 shows the next generation of
design which is to bi- parabolically grade the interfaces and use step up and
down doping which coincide with the changes of the curvature of the grade.
To determine the optimum step, it is important to accurately know the valence
band offset. Here we used AEy, = 0.4 EG. [18], where EG; is the direct band-
gap (between the valence and the I valley) not the minimum band-gap. This
offset is larger than that used by Peters[7] which was based upon the minimum
band-gap. ’

We can make a couple more improvements to the designs: adjust the doping to
account for differences in mobility and increase the doping at the standing-
wave nulls. First, consider that AlAs has about a factor of three lower hole
mobility than GaAs and for electrons this factor is ten![19]. If one has a
constant total doping to distribute between two regions of equal thickness but
the second region has factor of r,=p,/pt, > 1, higher mobility, then for minimum
resistance, the low mobility region should be doped higher than the average
hole concentration, p, by a an amount Ap, and high mobility region should be

doped lower than average, by an amount Ap, where Ap = p (JZ - l)/ ( r, + 1).
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Figure 3-5: Plots of (a) the composition and doping profile and (b) the
relative field’ (dashed curve), and the ideal (dotted curve) and
predicted (solid curve) hole concentration for a linear grade

with pulse doping.
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Because of the root dependence, Ap/p does not vary rapidly. For a factor of
two difference in mobility Ap/ p =17%, for a factor of three, Ap/ p =26%, and
for a factor of ten, An/n=52% For an arbitrary change in mobility with
position, the carrier density should vary proportional to 1/ m for the
minimum  resistance with a constant total number of carriers. (The
mathematics of the problem is very similar to the solution of Eq. (3-4).)

Second we can lower the resistance with only a small increase in loss by
increased doping at the nulls. In the previous section we showed the relative
loss should vary as 1/sin(k, n x)| for when the spatial variation of the
resistance is inversely proportional is the spatial variation in the carrier
concentration. As discussed, this distribution blows up the nulls, but we can
still use it to give us some idea of the width of the region with higher than
average losses. Consider that 1/|sin(k, n x)[>2 over a region A/6 wide and, if
our dreams came true, the resistance could be made effectively zero in this
region and we would expect the loss-resistance product to be cut by 33%.
Figure 3-7 shows a specific design using two bi-parabolic grades with extra
doping at the null. (The values for N; and N, assume all the dopants are
active.) As seen in Table 3-2, the simulated designs with extra null doping
show about a 20% reduction in amRm over the “traditional” bi-parabolic
design. As part of the optimization process, one needs to slightly adjust the
AlGaAs and GaAs thickness so the grading region lies at a null. The
adjustment made here was for a standing-wave with a period based on the
average index. In reality, the wave period changes in the different regions. So,
the thickness adjustment would have to be made based upon transmission
matrix calculations of the standing-wave taking into account the other layers in
the device.
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Figure 3-7: Plots of (a) the composition and doping profile and (b) the
relative field’ (dashed curve), and the ideal (dotted curve) and
predicted (solid curve) hole concentration for a bi-parabolic
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Because of growth variations, the standing wave null, made not be exactly
where you would like it, but fortunately, one has a fairly wide region which
can still be highly doped.

The “optimal” carrier distribution given in Eq. (3-5) we have been working
with was derived assuming a constant mobility, but one can also account for
position dependent mobility variations, then we find the loss (or carrier
 density) should vary proportional to:

/1f+\/<b(z)y<z)]_ G-8)

(Again, @(z) is the field®). As before we have not accounted for carrier
dependent mobility variations so the distribution still blows up at standing-
wave nulls. But we just need to keep the doping below ~10" cm™ where the
higher doping generally stops buying you lower resistivity. This distribution is
plotted along with the calculated carrier density for the various designs in the
figures. If carriers did actually follow this distribution, then loss resistance
product would be 0.95¢3 Q-cm, and this gives a benchmark to shoot for.
Unfortunately, the lateral resistance is (unrealistically) zero because of the
singularity.

Another popular type of grading is the uni-parabolic grade[20]. Here the idea
is to grade and increase doping on the AlGaAs side of the interface where the
depletion of holes usually occurs (for a uniformly doped heterojunction), but
not to grade the interface on the GaAs side where the accumnulation of holes
would normally occur. The high accumulation of holes can also be designed in
a region with no impurities to increase the lateral conductivity as in a
MODFET. Figure 3-8 and Figure 3-9 show two variations on the purely bi-
parabolic designs. One design has the uni-parabolic grading at the null and the
other has uni-parabolic grading at both the peak and the null. The uni-
parabolic grades are actually a parabolic grade over 14nm (from 90% to 45%
Al) followed by a 7nm linear grade.
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“High-Doped” Extra Average Resistance Loss
Mirror Designs  Doping loss, Resistance
@Null? o, (cm™) o, R,
R, R,
(@- (k)
pm2)
2 Linear-Grades/ No 20.2 103 1.8 2.08e3
Spike doping
2-Bi-Parabolic No 11.2 108 4.0 1.21e3
2-Bi-Parabolic Yes 11.5 88 23 1.01e3
Bi+Uni Parabolic Yes 10.0 101 2.1 1.01e3
2-Uni Parabolic  Yes 10.0 101 2.1 1.01e3
“Ideal” Carrier Yes 0.9e3/R, R, Zero  0.95€3

Table 3-2: Comparison of loss and resistance for various mirror period
designs with approximately the same doping level (1e18 cm™).
The structures doped highly at the null have nearly the same
loss resistance product, but the structures with uni-parabolic
grades have slightly lower lateral resistance, R},

As with the purely bi-parabolic design, the position of the second interface is
adjusted so the peak in the carrier concentration is lined up with the null. Even
so0, as Table 3-2 shows, the uni-parabolic designs show similar loss-resistance
products to the optimized bi-parabolic design. This is essentially because the
spike in the hole concentration created by the grading is relatively narrow
compared to the width of the distribution that can be highly doped at the nulls.

Although the estimation of resistance per period, Ry, is meant mainly for
relative comparison of different designs, the measured resistance/period[7] for
the AlAs/GaAs mirrors doped on average at concentration of 1e18 cm” (and
grown at a substrate temperature of 480°C for complete Be incorporation) is
about a factor of three higher. Nevertheless, it should be noted that these same
measurements show an almost identical resistance for a band-gap engineered
structure (with average lel8 doping) as for a pulse-doped structure (w/5el8
pulses), and this match also is calculated for the resistances of these structures
in Table 3-2.
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Figure 3-8: Plots of (a) the composition and doping profile and (b) the
relative field* (dashed curve), and the ideal (dotted curve) and
predicted (solid curve) hole concentration for a bi+uni
parabolic grades with step doping and higher null doping
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Another issue to consider is the lateral conductivity of the various designs.
(We are beginning to get into some lateral design issues, but it’s unavoidable)
These lateral resistances, Ry, are also shown in Table 3-2. As can been seen
the better lateral resistance gives a slight advantage to the bi/uni-parabolic and
uni/uni parabolic grading schemes which otherwise show about the same loss-
(vertical) resistance product as for the optimized purely bi-parabolic design.

Tuning mirror period designs for different locations in the mirror

As discussed earlier in this chapter, we would like to use reduce the average
doping level as the intensity in the DBR increases near the active region and
increase the average doping level as the field decays towards the top of the
mirror. And we can “tune” an optimized design to a new doping level simply
by changing the doping in the regions of uniform composition by a scaling
factor, but shifting the doping across the interfaces by a constant doping level
in order to keep the doping step the same. (For example, the interface is doped
at N,=2.7¢18 cm™ on one side and Np=0.7¢18 cm? on the other, then this is
changed to N,=2.3e¢18 cm™ and Np=1.2e18 cm™ to move the average doping
level from 1e18 to 0.5¢17). Such tuning will typically keep the loss-resistance
product almost the same even with a change of loss and resistance. This is the
assumption used earlier in deriving the optimized average doping profile in the
DBR mirror. Table 3-3 gives two examples of a “high” doped and a “low”
doped design along with the “medium” doped bi+uni parabolic design
previously listed in Table 3-2. The doping and composition of the “high”
doped and the “low” doped designs are shown in Figure 3-10.
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Figure 3-10: Plots of the composition and doping profile bi+uni
parabolic grades with step doping for (a) low doped design
and (b) a high doped design
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Bi+Uni Extra Average Resistance Loss
Parabolic Doping loss, Resistance
Mirror Designs ~ @Null? o, (cm™) oy R,

R. R

(«@- (k)

um2)
“Low Doped” Yes 4.79 204 3.7 0.98¢3
“High Doped” Yes 19.3 52 1.25 1.00e3
“Medium doped” Yes 10.0 101 2.1 1.01e3

Table 3-3: A potpourri of Bi+Uni Parabolic mirror period designs all
with nearly identical loss-resistance products

N-mirror doping

Not as much design effort has been put into the n-mirror as the p-mirror for
three main reasons (besides our own foolish consistency): (1) Electron mobility
is almost twenty times higher than hole mobility (2) Typically the n-mirror is
on the bottom so current can spread better than in the p (though apertures have
somewhat mooted this issue), (3) The donor level in AlGaAs decreases around
the direct to indirect gap transition[19] and so bandgap engineering is difficult.
Consequently, we have typically employed a linear-grade with spike doping.
However, the design can be improved and for n-up structures improvements
are important. As mentioned, the factor of ten difference in mobility between
AlGaAs and GaAs suggests the GaAs can be doped three times less. In
addition, we can increase doping for periods away from the active region.
Finally, we can attempt some band-gap engineering by parabolically grading
on the AlGaAs side and then dropping the Al fraction directly from 60% to
20% in order to avoid any low carrier concentrations due to the DX center as
successfully carried out in MOCVD grown devices[21].

Lower Loss-Resistance and Wall-Plug Efficiency

We have shown here how various improvements in design can lower the loss- |
resistance product. Changing the average doping of each of the mirror periods
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can reduce the loss-resistance product by 22% (two-step profile) to 34% (ideal
case). Adding extra doping at the nulls lowers the loss-resistance product by
20%. Making both improvements can lower the loss-resistance product by
about 40-50%. Of course, lack of proper band-gap engineering of the
interfaces can easily make a factor of two change in the loss-resistance product
as seen back on Table 3-2. Consequently, if the dopants can be positioned
correctly (via cold growth for Be or the use of carbon doping), one will see the
most dramatic effect on the loss-resistance product.

But what does improving the loss resistance product mean for the wall-plug
efficiency? Obviously, this depends on the power where the peak efficiency
occurs and all kinds of other things. But we can assume some values and see
the results. Figure 3-11 shows an example. When the loss-resistance product
is reduced by 40%, the wall-plug efficiency improves by about 25% using the
parameters given below. This reduction can be done either by lowering the
loss, the resistance or a combination thereof, but the choice does not strongly
effect the outcome. For larger changes in the loss-resistance product (factor of
five), the changing of the loss or resistance does not strongly effect the peak
value, but it does effect how the wall-plug vs. power behaves. For large
changes, lowering resistance instead of loss will prevent the wall-plug
efficiency (vs. output power) from dropping dramatically after the peak,
whereas lowering loss instead of resistance will raise the efficiency for output
powers before the peak.
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Figure 3-11: Improvement in wall-plug efficiency as the loss is lowered
or the resistance is lowered by 40%

For the curves in Figure 3-11, we assumed a 980nm VCSEL with [,=0.3mA,
Ne= 55%, a mirror transmission, 7,=0.7%, n~=0.9 and assumed
Nup=20%@1.0 mW output power and that the voltage varies linearly with
current above 1.3 volts. These numbers are not too far from those for Brian
Thibeault’s devices[6]. We also assumed the threshold current varies
exponentially with loss Iy ~exp(L/G,) where L is the loss/round trip and

Gy=1.05% for a three InGaAs quantum well active region centered on a
standing-wave peak. Although we assumed a threshold, we are not accurately
accounting for changes in lateral leakage current here (since we are not
assuming any device radius). We are assuming that whatever leakage there is
that it scales linearly with the broad-area threshold current density. As
discussed in Chapter 2, lateral leakage can hinder higher wall-plug efficiency,
and, in this regime, increasing the device size can quickly buy lower resistance
at the same loss level without a significant change in threshold.
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Doping around the aperture and active
region

Lateral conductivity is very important just above (in p-up designs) the aperture
and it is important to dope this region highly but one does not want significant
doping between the aperture to avoid current spreading. This suggests an
abrupt end to doping at the aperture. However, oxide apertures are in regions
of high aluminum content and the composition will need to be graded to lower
aluminum content before reaching the active region. One key issue here is
doping of the grade just below the aperture. For a long growth, Be doping will
usually diffuse far enough that doping the graded region will happen
automatically. However, for a short growth (or when carbon is used), the
graded region will not be doped. And this can create a several voltage penalty
as will be further discussed in Appendix A. (See also Section 3.2.2 of Peter’s
thesis[7].)

Summary

The main focus of the chapter has been on improvements in the VCSEL design
for higher efficiency devices at all sizes. The key points are:

e Use of SI substrates for bottom-emitting devices for a 10-30%
improvement in efficiency

e Using a broad area p-contact and an n-intracavity contact for p-up devices

e Optimization of the doping in the DBRs:

e A good figure of merit that is tied to the peak wall-plug efficiency is the
loss-resistance product. To minimize this product the carrier distribution

should follow: 1 where @(z) is the field® and p(z) is the
Y =are) ) H®

position dependent mobility ,
e Decreased doping in the first few mirror periods for a 22-34% lower loss-
resistance product
e Additional doping at the standing-wave nulls for another 20% reduction of
the loss-resistance product.
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The use of a uni-parabolic grade around the nulls to improve the lateral
conductivity

An expected improvement of ~25% in the wall-plug efficiency for a 40%
reduction in the loss-resistance product

Doping above the aperture and of the grade-down from the high Al content
layers of the aperture
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Chapter 4 : Analysis of Index
Aperture Optical Confinement

Introduction:

As described in Chapter 2, removing parasitic optical losses is critical for
improved device properties at small sizes and low output powers. But do we
expect such losses to be significant in devices with oxide or air apertures? And
how much can we effect the parasitic loss by cavity design changes? How do
apertures effect the mode in comparison to other guiding mechanisms that we
understand namely, step-index uniform waveguides with Bessel functions for
modes or lensed resonators with Gaussian modes?

The answers to these questions have already changed the typical aperture
design in VCSELSs, in part due to the analysis that follows and in conjunction
with the initial experimental work of Thibeault[l, 2] and my own device
results described in Chapter 6 as well as supporting experimental results of
other research groups[3, 4]. Although the use of such loss models has not
widely spread (except at UCSB), intuition about the aperture design has, and
other research groups have converged on the same conclusions.
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In this chapter, we discuss the optical guiding mechanism of index apertures
which not only can be created by lateral oxidation or etching, but also by
physical changes in cavity thickness. We then examine the optical losses that
result from aperture not compensating for the diffraction in the laterally
unguided regions of the VCSEL. We determine a semi-analytic formula for
the optical losses of single, abrupt apertures in VCSELs in terms of two
parameters: the effective phase shift of the aperture and the Fresnel number of
the cavity. Using this formula, we estimate the losses for various VCSEL
~ designs and use it to explain the drop or lack thereof in efficiency as the
aperture closes in actual devices. We then examine losses using a more
accurate iterative model that verifies the simpler estimate and allows us to
examine the losses from tapered apertures and the limit on the mode size due to
the drop-off in DBR reflectivity at large angles. We also present a method for
estimating losses with multiple apertures and estimate the losses due to
absorption. '

Index Aperture Guiding

An index aperture in a cavity affects not only the mode shape, but also the gain
and resonant wavelength. The refractive index of the aperture (typically air or
oxide with n~1.6) is much lower than that of the semiconductor n~3.
Consequently the optical path length is longer in the center of the cavity than in
the region with the aperture. This longer optical path length in the center
means that the aperture has a “lens-like” action that will tend to confine the
mode. In principle, the lateral variation in the optical path length could be
tailored parabolically creating a lens that would almost perfectly “undo” the
diffraction in the unapertured regions of the laser. But even with imperfect
lensing, the shortness of the cavity means the modes in an apertured structure
are very similar to the modes expected from a vertically uniform waveguide.
However, the small difference between the modes of a uniform waveguide and
actual apertured VCSEL is mostly accommodated by lateral radiation modes
even assuming no optical imperfections in the aperture. And for highly
resonant structures like VCSELs a small amount of excess loss (0.1%/pass)
implies a huge (~20%) fractional change in gain.
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The shorter optical path length in the apertured regions of the VCSEL will
mean the resonant wavelength (for a vertically travelling plane wave) is shorter
in those regions. And as with any lateral optical confinement, the lasing
wavelength (for a mode composed of both vertical and off-axis plane waves)
will be slightly shorter than for a purely planar structure. The resonant
wavelength for vertically travelling waves and for the lasing mode can be
related to the effective optical path length across the aperture and the aperture
diameter. The effective optical path length depends not only on the aperture
thickness, but also its placement in the standing-wave inside the cavity. Let us
now address all of these issues more quantitatively. In this section, we “focus”
on the guiding mechanism. ‘

P ol R ane il Tk o ‘kﬁ‘*‘ﬂ’x’ml'%;—' TSN I

Figure 4-1: Index aperture inside a VCSEL cavity

Aperture phase shift

Shown in Figure 4-1 is a close up of an index aperturé inside a VCSEL. If this
aperture were not inside the VCSEL cavity (i.e. the other mirror layers were
absent), we could simply say the difference in the phase shift between the
apertured and unapertured regions of the VCSEL, is given by:

o(x,y)=k, An[tmx —t(x, y)] (no reflections) 4-1)

where kg is the free-space wavenumber, An = ng-ng is the difference between
the semiconductor index and the index of the aperture, #(x,y) is the position
dependent thickness of the aperture, and ¢_,, is the maximum thickness of the
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aperture. We have chosen to consider the phase shift nonzero in the
unapertured region although it would be completely equivalent to add a
constant phase shift and create a negative phase shift in the apertured region.

The aperture, however, is contained within a highly resonant structure with
nearly equally strong forward and backward waves making a standing-wave.
For the active region in a vertical cavity laser, correcting for standing wave
effects is done by multiplying the gain by the standing-wave enhancement
factor, T',. This correction to the optical path length or phase shift is also
valid for small index differences An[5]. Adjusting the relative phase we have,

#(x, y) =T, ko Anlt , ~1(x,9)] (4-2)

(only accurate for small An)
Wwhere (as we will describe more rigorously) the enhancement factor for a thin
aperture located in the jth layer of a VCSEL is given by,
L =2cos’(kyn Zpa)exXp(—z,, /L,). (4-3)

J

2, s the distance between the aperture and the standing-wave-peak in the Jth
layer, and z_>0 is the distance the aperture is positioned from the first mirror
interface. (For an aperture in the spacer region, J=0and z_,=0.) See F igure 4-2
which shows standing-wave pattern.

Because the active region is usually between the DBRs, the enhancement
usually only has the cosine term, but when writing the phase enhancement
factor for index apertures, the exponential term is added to account the
decreasing field strength in the mirrors. The length L is the DBR energy
penetration depth[6].

Note that there are several different mirror penetration depths[6, 7]: the energy
penetration depth, Lg, (which is based on the decay of the field-squared), the
phase penetration depth, L., (which is based upon the time delay for a pulse
being reflected) and the diffraction equivalent distance, L), (based upon the
spatial divergence of a mode compared with reflection from a hard mirror)[7].
Later on we will introduce a fourth penetration depth to define the DBR
angular stop-band.
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For high reflectivity mirrors, L is nearly identical to L, = 41 (I—g—-) , where
n,\1—=p

q is the ratio (chosen to be less than unity) between the index of the incident
medium (n,) and the index of the first DBR layer (either ny or np), and
p=nJ/n is the ratio between the low and high index of the DBR layers. (For
the arrangement in Figure 4-2, g=n,/n,.)

index aperture

2000
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500 ma 21.5 Period DBRs
) position, z

Figure 4-2: An aperture in the central portion of a typical VCSEL
standing wave along with the index profile

Actual mirrors often have graded interfaces and sometimes extra spacer layers
of multiples of half a wavelength. In Appendix B: Theoretical Odds and Ends,
we discuss how the expressions for the various mirror lengths are modified.

Multiplying the phase by the standing-wave enhancement factor is the intuitive
thing to do for those who already play with the position of quantum wells.
However, the large index step An,~2 between the aperture and semiconductor,
makes the correction fairly inaccurate. The more precise way to handle the
problem is to begin by going back to the origin of the enhancement factor[5]
and to calculate the intensity weighted average of the dielectric constant over
all z as also done by Hadley[8]. This procedure yields the index step which
would occur if the aperture index step were spread out uniformly in z. We will
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discuss those standing-wave details in the section after next, but let us first
compare the two situations of uniform or continuous vs. periodic waveguiding.

Unfolding the Cavity

Let us suppose for the moment that we can find the correct “effective” phase
shift, #(x,y), an aperture has for plane waves travelling along the axis of the
cavity. As is commonly done when treating “thin” lenses, we can approximate
the phase shift as the same both for on-axis and slightly off-axis waves. (Note:
Although using the correct “effective” phase can account partially for
reflections off of the aperture, it does not account for large reflections and we
will discuss some consequences of this in a subsequent section). Next we need
to consider the effect of the DBR mirrors for both on axis and slightly off-axis
waves. Fortunately, Babic found that the variation in the phase shift for
slightly off-axis waves hitting the DBR mirrors is just like they were passing
through a region of uniform index, »,, and hitting a hard mirror at a diffraction
equivalent distance, Lp. For an infinite stack of quarter-wave thick layers that
alternate between a high index of ny and a low index n,, the diffraction
equivalent distance, L, is given by [7],

Lp=¢L, (4-4)

where &= ﬁ(i + —l—] and L, is the phase penetration depth as given
2(n} n}
before. (Refer to Figure 4-2 again for definitions of n,, n, and ny.) Because of
the prefactor, &, the energy, phase, and diffraction depths are not exactly equal.
However, when the index of the spacer region (the incident medium for the
Mirrors), n,, is near the average of the high and low indexes, then they are not
too different - For n=2.95, ng=3.52 and n,=3.24, £=1.02.

For a cavity with a central spacer region of index n,, and thickness, L, the total
diffraction equivalent cavity length is [9] _

Lc=Lp, +Lp,+L, (4-5)
where Lp, and Lp, are the diffraction equivalent distances for the first and
second DBRs, respectively. Using this total cavity length, we can represent an

apertured VCSEL as an aperture between two hard mirrors. (See Figure 4-3.)
Here we have centered the aperture between the mirrors for simplicity.
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Figure 4-3: Schematic of an aperture centered in an effective cavity of
length, L.

Next we imagine a mode moving back and forth between the mirrors, and as
commonly done[10], we draw an unfolded cavity as shown in Figure 4-4. It is
simplest to see the effect of the aperture, if we consider an ideal case, when the
aperture is a perfect lens; so it has a parabolic phase profile. Then for a stable
resonator, the fundamental mode of the system is a Gaussian with planar phase
fronts occurring half a cavity length from each aperture[10). (See Figure 4-4b.)
Because the lens can exactly compensate for the diffraction of the mode there
is no scattering loss.

In the case of abrupt apertures (in Figure 4-4a), the mode cannot be perfectly
focused and so there are scattering losses. However for short cavities, or large
apertures, the phase front will stay relatively flat between apertures, and this
periodic waveguiding can be well approximated by a uniform waveguide(8,
11]. In fact, in the simplest form of the Beam Propagation Method (BPM)
[12], a waveguide (uniform in z) is numerically modeled by a repetitive
application of a spatial dependent phase shift followed by diffraction through
free-space. In this case, the model and reality are reversed since we are .
considering a continuous waveguide as an approximdtion to a periodic one.
The waveguide shown in Figure 4-4c, has a index profile Angx,y)*Nd.min-
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Figure 4-4: (a) The unfolded cavity for the simplified apertured-cavity
shown in Figure 4-3. The medium between apertures has a
uniform index n,. The aperture is modeled by a spatially
dependent phase shift #x.y). In general, #(x.y), may be any
shape, but this case shows an abrupt aperture which at smaller
sizes and longer cavity lengths is unable to completely refocus
the mode instead scattering energy into free-space.
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(b) The unfolded cavity with a parabolic phase shift, ¢x,y),
i.e. an ideal thin lens. For a Gaussian mode undergoing
Fresnel diffraction between the apertures, the phase shift is
able to exactly correct for the diffraction, eliminating
scattering losses. Given the symmetry chosen, the mode has
planar phase fronts half-way between the apertures as
indicated by the dashed lines. (¢) A uniform waveguide
which, in the limit of vanishing cavity length, corresponds to

the unfolded cavity with @(x,y)=kpang(x,y)LC

Thinking of the BPM method allows us to see that if we wish to obtain the
same mode using both approaches (in the limit of vanishing cavity length),
then the phase shift of aperture should be[12] 7

P(x,y) = koAny(x,y)Lc (4-6)
In Appendix B: Theoretical odds and ends, we will show the periodic
waveguiding in the Fresnel limit matches the wave equation to second-order in

Lc.

Knowing the correspondence between the uniform waveguide index
distribution and the phase shift will allow us to work backwards to find the
appropriate effective phase shift for the aperture. And, in the case of an abrupt
aperture of radius, a, corresponding to a step-index waveguide, we can now use
the V = k,a\/2n,An, number{13] to determine the dispersion curves, modes,

confinement factors, etc. (The confinement factor vs. ¥ number is given in
Appendix B: Theoretical Odds and Ends.) Interestingly, the phase shift of an
abrupt aperture, ¢,, and the Fresnel number for the cavity, F=a’ny/(AL) are

related to the ¥ number by, V = /474, F .

The distributed index step:

Using the analysis so far, one would determine the effective index step of an
equivalent uniform waveguide from the phase shift given in Eq. (4-2) and Eq.
(4-6) to be, :
Any(x,y) = Anft,. —t(x, )V L @7

However, this relation is only accurate for small index differences between the
aperture and the semiconductor. A better approach to use the dielectric
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constant, which is the fundamental parameter in the wave equation. As done
so by Hadley[8], a distributed dielectric constant €, is defined by,

£4(x,3) = [e(x, 1@ &2/ [|¥(2) 2 (4-8)

where ¥(z) is the longitudinal electric field in the unapertured VCSEL
structure (as can be calculated using a 1-D transmission matrix technique with
£(0,0,2)). Then the distributed index difference is given by:

Any = e (%)~ \Je, . (4-9)

where €, is the value of €; where the aperture is the thickest. This
distributed index difference can now be used to estimate mode etc, and also
used in Eq. (4-6) to determine the effective phase shift of the aperture.

If one approximates the VCSEL field® as l?olzcosz(konjzpj)e_z"'nf in the

DBRs and ,‘Polz cos? (kyngyz 0) between the DBRs plugs that into Eq. (4-8) and
takes the limit of small index steps, thin apertures, a penetration depth long
compared to the period of oscillation, then we obtain a similar but more
accurate version of Eq. (4-7);

2 2
An(x, ) = [ i '”‘][’m "(x’y)]re,,,, (4-10)

2n, Leg
where LCE=LotLE+L,,, which is almost the same as L, when the index of
the spacer is near the average index of the cavity.

The variation in the distributed index step as an aperture is moved from peak to
null through the VCSEL cavity is illustrated graphically in Figure 4-5. The
solid line shows the distributed index difference vs. the aperture position. The
index step was calculated for a 20nm thick aperture with n4=1.55. The dashed
line indicates the index of the unapertured cavity. (For the purpose of showing
a continuous curve, we have allowed the aperture to move into the GaAs
regions. Consequently, kinks occur at the interfaces as the index step between
the aperture and the background index changes.) The variation looks very
similar to the standing-wave intensity, and in the limit of thin apertures, and
small An, the distributed index difference will be directly proportional to it.
The curves in Figure 4-5 were calculated from Egs. (4-8) and (4-9), but they
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agree with Eq. (4-10) to within 10%. (Using Eq. (4-7) causes errors three times
larger.)
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Figure 4-5: Plot of the distributed index step, 4ng calculated for a
20nm thick oxide (n=1.55) aperture vs. position in the cavity.
The refractive index distribution in the unapertured cavity is
indicated by the dashed line.

Eq. (4-10) may look nice on the back of an envelope, but in practice one
usually has a transmission matrix program handy and can either use Egs. (4-8)
and (4-9) directly or look instead at the change in cavity resonance to obtain
the distributed index step.

As we know the change in optical path length from the unapertured to the
apertured regions of the cavity will change the resonant wavelength. Consider
the cases shown in Figure 4-6 for a cavity of nominally of length Lc=mAy/(2n,),
(where m is an integer). It is resonant at a wavelength, A, when filled with a
medium of index 7, When the index is reduced by An,, the wavelength shifts

to:
4 =(L<.‘2(”o‘A”d))/m=’10(l—And/no) 4-11)

And so,
AA/A, = An,/n, 4-12)




98 Chapter 4: Analysis of Index Aperture Optical Confinement

Le=mAy(2ny)

(c)

Figure 4-6: Cavities with two hard mirrors (a) filled by an index n,, (b)
filled by an index of n,-An,, (c) filled again by index n,, but of

slightly longer length

For VCSELSs, the situation is very similar except that the effective cavity
length of a VCSEL (the sum of the spacer length and the mirror penetration
depths) is not normally a multiple of half the resonant wavelength because the
effective phase penetration depth of the mirrors comes only from the change in
phase from the center wavelength. However, if you just look at the change in
the resonant wavelength, the second relationship, (4-12), as derived by
Hadley[8] for index apertured VCSELSs, still holds. Knowing this relation, one
can then turn the problem around and calculate with a 1-D transmission matrix
method or measure experimentally the shift in the 1-D cavity wavelength in the
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apertured vs. the unapertured regions to determine the distributed index
difference that is created by the index change of the aperture or apertures. In
passing, we should mention that the change can also come from variations in
layer thickness as shown in Figure 4-6c which might be created by etching and
regrowth. If the change in thickness occurs in the spacer region of a VCSEL,

then we can write,
A'1/'1'0 = AL/LCr ' (4-13)

where Le=Lg+L:j+L,, is the effective cavity length based upon the mirror
phase penetration depths and is almost identical to LE, (the length based upon
the DBR energy penetration depths) and is within a few percent of L. when the
index of the spacer region is near the average index. The fractional change
above can again be thought of as an equivalent fractional change in the
effective index using (4-12). One can then apply the subsequent scattering loss
modeling for apertures also to guiding based on changes in physical thickness.

There are a couple of caveats when using changes in the resonant wavelength.
If the aperture is thick enough and the DBR stop band large enough, the center
mode may be shifted so far to shorter wavelengths, that a second mode at
longer wavelengths will appear and one might incorrectly conclude the index
change is of the opposite sign. A related problem is shifting the mode in the
apertured region beyond the mirror stop-band in which case the
approximations used to derive Eq. (4-12) do not really hold. In these cases, it
may be more accurate to use the integral approach Eq. (4-9). Although
reference [8] suggests significant discrepancy between the methods, they agree
(as we show next) for thin apertures provided one uses the same standing-wave
intensity profile for all values of x and y (in accordance with perturbation
theory).

In Figure 4-7, we plot the distributed index difference vs. the aperture
thickness for an aperture positioned in the first quarter-wave layer of the DBR
(as shown in Figure 4-5). The three sets of curves show An, vs. the thickness
of the aperture in the cases that the thickness is increased from the standing-
wave null, from the standing-wave peak and from the center of those positions.’
The dashed lines correspond to the result of Egs. (4-8) and (4-9) while the solid
lines are the result of Eq. (4-12). For the aperture starting from the null, the
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increase in Ang is much slower initially than for the aperture starting from the
peak. Initially, the increase is quadratic with thickness. Thus, if an aperture is
tapered in a linear fashion from the null, then the effective phase profile will be
parabolic.
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Figure 4-7: The distributed index difference, 4ng, calculated for the
same unapertured cavity as labeled in Figure 4-5 now plotted
vs. the thickness of the oxide aperture extending from the peak

- of the standing-wave, from the null, and from the center of
these positions. The solid lines indicate the result of Eq. (4-
12)and the dashed lines indicate the result of Eqs. (4-8) and (4-
9).

Lasing Wavelength(s)

We have described how the aperture shifts the distributed index from the core
to the “cladding” or apertured regions of the VCSEL. And we know that the
actual mode will have some effective modal index, n, between n, and n, ;.
For the case of circular step-index waveguides, we can determine that effective
modal index from the ¥ number, which we can use to get the normalized
propagation constant, b[13] that we can read from dispersion charts or
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calculate ourselves. The index difference, An,, = n, —n,,, between the “core”

index, n,, and the mode index is approximately given by:
An,, =(1-b)An, (4-14)

when the distributed index steps are reasonably small. (And they typically are
in comparison with the average index!) When the mode is in a fiber, we know
the wavelength is constant, but the propagation constant, f=(2n/A)n, changes
for different modes. In our subsequent analysis of diffraction/scattering losses,
we will be examining “unfolded” cavities and these will appear similar to
continuous fibers in the sense that we will hold the wavelength fixed and B will
change. However, for determining the amount of diffraction it is not very
critical to account for the change in wavelength because the percentage change
is very small. Of course, we know that in the actual cavity, we have resonance
which will force the wavelength to change so that £ is the same for all modes.
(More precisely, we should say f=m2nny/A, for all the modes, where 2, is the
resonant wavelength of an unapertured cavity - the longest wavelength that a
mode can have, and m is an integer not necessarily the same for all modes.)
For the case of abrupt apertures, we can satisfy this condition using the circular
step-index waveguide analysis. We can determine the difference,
AA, = A, — 4,,, between this “core” wavelength and the lasing wavelength, to
first order, using:

AA, An, (1-b)An,

Ao n, n,

(4-15)

which one can verify will cancel any first-order changes in £ from the change
inn,.

Using the different b’s for different modes, one can find their wavelength
separation. And this separation of modes predicted from a uniform waveguide
model has been shown to match the wavelength separation measured in
VCSELs[14]. Consequently, measuring the changes in resonant wavelength
for the first-order and higher order modes allows one to work backwards and
find the VCSEL aperture size which will produce such a wavelength separation
as done by Thibeault[15], Floyd[16] and others.
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Gain and Thermal Guiding

When the index confinement is very weak, we will eventually need to consider
the effect the gain has confining the mode. The “gain” confinement in the case
of no lateral variation in the real part of the refractive index has been analyzed
previously in ref. [9]. The confinement due to the gain is typically much
weaker than any index confinement. If the change in the imaginary part of the
index is distributed through the cavity then the index step is
Im{An;} = G/(kyLc), where G is the gain per pass. For typical VCLs,
G=0.005, Lc=1.2um and A=1pm, Im{An,} = 0.0007, which is generally much
lower than the real part of the index step. The gain also induces a similar size
change in the real part of the index (through the Kramers-Kronig relation).
Either change, however, will affect the mode shape only for very weak index
guiding.

A more important limit to consider is that of thermal lensing. Guiding may be
dominated by thermal lensing when a large temperature gradient exists within
the radius of the aperture. For typical AlGaAs/GaAs VCLs the mode moves
~0.06nm/°C [17]. For a 20°C gradient, A=lum, and n=3.2, then
Angy =nAA/A =0.004. Even apertures with relatively small distributed index
steps (five to ten times this value) will still dominate the waveguiding in a
device.

Overview of Index aperture optical losses

The periodic nature of the guiding revealed by an unfolded cavity, like that in
Figure 4-4a shows that an abrupt aperture cannot perfectly focus the mode and
so there will be some power radiated laterally. There can be other size-
dependent optical losses as well such as absorption by the aperture or
scattering due to the roughness of the aperture. However, the loss we will be
considering in the next sections is due to the imperfect lensing of the aperture.
By imperfect lensing we mean there is a modal mismatch between the
aperture/lens region (which, in the case of abrupt apertures, has Bessel
functions for modes) and the unguided region with free-space or Hermite
Gaussian modes. This mismatch must be accommodated by a superposition of
higher-order guided and radiation modes. Technically speaking, the whole
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mode of a laser is a radiation mode, but one often considers it in several parts
by expanding it in the basis set, say of modes of a waveguide which is uniform
along the z-axis. From this perspective, we can estimate how much power is
radiated away uselessly (i.e. power which cannot be captured by a reasonable
numerical aperture just beyond the output facet).

'In the next sections, we will present calculations of the scattering loss based on

coupling losses and based on a more complicated iterative model. These
calculations have confirmed the hypothesis that optical scattering losses are
responsible for the increased gain and lower slope efficiencies of small <4um
diameter VCSELs with abrupt, 80nm thick apertures. And the calculations
directed subsequent VCSEL designs towards optically weaker (thinner or
positioned at nulls) or tapered apertures for lower scattering losses at small
diameters.

Effect on threshold gain:

The scattering losses we will calculate in terms of the excess loss per pass, as.
Since the gain will need to rise to match these losses, the threshold condition
now reads:
1
I =—\l1+; )+apgy +ta
xy! enh8La 2( 1 2) B4 T xs (4-16)
G= Qg +apgytag

where T, and T, are the power transmissions for a plane-wave at normal
incidence upon the top and bottom mirrors, I',,, is the enhancement factor for
the gain region (between 0 and 2), g is the material gain per well (in units of
inverse length) - assumed here to be laterally uniform, L, is the total length of
the active region(s), and ag, is the size independent loss per pass due to
absorption from dopants, etc. (ap,=0.,Lc may be thought of as an average
material absorption, o, in units of inverse length times the cavity length.). We
have also expressed the equation in terms of the modal gain per pass, G, and
the transmission loss per pass, o, Later, we will use the change in the modal
gain relative to that for a planar structure, AG= aj to determine the excess loss.
We also note that if the injection of carriers can be kept within the aperture
then the lateral confinement factor I',, will decrease as the aperture closes, and
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this will cause the gain to increase, but will not change the modal gain which is
what we use to define the scattering losses. (If one just examines material
gain, g, sometimes it appears as though thicker apertures will be “better”
because of a larger lateral confinement factor.)

Effect on slope efficiency:

Scattered light has to go somewhere, and if we could collect all of it, then in
theory we would not observe any change in the slope efficiency. However, as
we found from calculation, most of the “scattered” light travels at angles so far
off-axis it is totally internally reflected at a planar air/semiconductor interface.
This light is hard (impossible) to capture with any reasonable numerical
aperture just outside the cavity. And so one may write the modified slope
efficiency as: :

T,/2

4-17)
+a,, +ag)

Mex =11 (
a,
where T, is the output mirror power transmission. We will discuss the path of
scattered light further after describing the iterative model to calculate the
scattering losses.

Single-Pass Coupling Loss Estimate of
Scattering Losses

To estimate the scattering loss per pass, we can calculate the coupling losses
after passing an appropriate mode through one unit cell of the periodic
structure shown in Figure 4-4. Unfortunately, guided modes for the periodic
structure only can be found in the cases of a parabolic aperture (ideal lens) or
vanishing cavity length (uniform waveguide). In other cases, the periodic
waveguide radiates energy to free space. In order to estimate the loss in these
cases, we will take a perturbation approach and consider the periodic
waveguide as a perturbation of a uniform waveguide. The mode of the
uniform waveguide has planar phase fronts. And so it should match the mode
of the periodic waveguide best when that mode of the periodic waveguide also
has planar phase fronts. As shown in Figure 4-4b (in the case of an ideal lens),
planar phase fronts occur exactly half way between each of the apertures (given
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the symmetry we have chosen). Thus, we have chosen to begin the cell at this
position. As we describe in Appendix B, the uniform waveguide equation
matches the periodic waveguide eigenmode equation to second order in Lc
when the cell begins midway between the apertures (or in the middle of the
aperture), but the equations match only to first order in L when the cell
begins elsewhere. '

Although the periodic structure will perturb the uniform waveguide mode, an
important result of perturbation theory is that a first order change in the mode
provides only a second order change in the propagation constant {18, 19].
Thus, the technique should be somewhat tolerant to error in the choice of the
mode.

The procedure for estimating losses is outlined in Figure 4-8. We pass a
uniform waveguide mode once through the cavity and compute the overlap
with the original mode. The scattering loss is taken to be one minus this
overlap. Essentially, what is being assumed is that the power not coupled back
to the original mode is lost to radiation. Obviously, some power could be
coupled to higher order even modes. And perhaps it would be more accurate to
also compute the power coupled to the third order uniform waveguide mode
and subtract that from the scattering loss. Nevertheless, as we will describe,
the procedure shows good agreement with a more accurate iterative model that
solves for the actual mode.
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Figure 4-8: Flowchart of the single-pass coupling loss estimate of
scattering losses. First, the effective index is found for an
equivalent uniform waveguide and the scalar mode is for that
waveguide is calculated. Next the uniform waveguide mode is
propagated through half a cavity length, phase shifted by the
aperture (using a phase shift corresponding to the uniform
waveguide index step), and propagated through another half
cavity length. The scattering loss is taken to be difference
between unity and the overlap of modes. For apertures
without tapering, a fitting formula was found for the results of
this procedure which allows one determine the scattering loss
by simply “plugging in” the Fresnel number and the effective
phase shift of the aperture.

We will also show the results of this procedure for apertures without tapered
tips can be summarized by a fitting formula (Eq. (4-25)) for the scattering loss
in terms of the effective phase shift of the aperture and either the Fresnel
number, F, (of the cavity) or the ¥ number of the uniform step-index
waveguide. Now we show the details.
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Formalism

Mathematically, passing a scalar mode, ¥, through a cell of the periodic
waveguide can be represented as the operator, P.

PY = Dexp{jg(xy.yn)DY (4-18)
The middle factor expresses the position-dependent phase shift of the aperture
~ defined by Eqs. (4-6) and (4-9) or (4-12), and D is the free-space propagator

for the wavefunction diffracting through half a cavity length. The operators are
in terms of normalized coordinates: xy = x/a, yy =y/a, where a is the

characteristic size of the aperture. For abrupt apertures, a is defined simply as
the radius of the aperture. The D operator is defined (in the Fresnel limit) by

[13]
D=F" exp{ k3 Le/ (4k0n0a2)}f‘ = 1 exp{-jkly [(8zF)F  (4-19)

where the operator F is the Fourier transform defined by
F = [[didh,yexp{kaxy + ko } - (4-20)
Again, we are using the normalized variables, k.y =k.a, k,y = k,a and

2
2 .2 2 a’n
kv =ky + k. F= MO

is the Fresnel number [13].
C

The scattering (coupling) loss per pass, &, is now written as
as =1-| [y Do /{ Jaeytrylo) @21)

What is important to observe from these equations is that for a given aperture
shape the scattering loss only depends on two parameters. As we have
expressed on the right-hand side of Eq. (4-19), the diffraction only depends on
the Fresnel number. Let us next write the phase shift
as@(xy,¥n) = Pos(xy,¥y), a product of a characteristic phase shift of the
aperture, ¢, and, s(xyJy), a function which only depends on the aperture
shape. Modes of the uniform waveguide (for a given index profile) are the
eigenmodes of P in the limit that Any(x,y) is held constant and L. approaches
zero (as shown in Appendix B.) So these will also only depend ¢ and F.
Therefore, once the shape of the aperture s(xy.yy) is defined, the scattering loss,
L is only a function of ¢, and F.
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Analysis of Parabolically Tapered Aperture (Ideal Lens)

For the case in which the phase shift is parabolic, i.e. s @(r) = —kongr /(2 N,
corresponding to a lens of focal length, £ then so long as f > LC/4 (for the
symmetric cavity) the eigenmodes of the periodic waveguide, P will be all
guided, Hermite-Gaussian modes [10]. This can be seen easily by operating on
a Gaussian mode with P. The F ourier transform will yield a Gaussian which
when multiplied by a quadratic phase will still be Gaussian. One can solve for
* the Gaussian beam-waist such that PY = ¢/ (where @ is a real constant).
Plugging this condition into (4-21) gives identically zero scattering loss.

Analysis of Abrupt Apertures

For an abrupt aperture,

= koAngL ry <1
pirv) ={ 0 a1 (4-22)

In this case there is scattering loss to radiation, so as described before, we will
use the guided mode that best approximates the mode of the periodic
waveguide to calculate the scattering loss. The mode of the uniform, circular,
step-index waveguide is determined simply from the ¥ number [13], and in the
limit of small index steps,

V =koa2ngAn, = [AngF (4-23)

is only a function of @, and F as asserted above. As commonly done, the V

number is used to find the normalized propagation constant, b, and then the
lowest order mode which is given by[13]:

W(rN)={JO(erN)/JO(xN) ry <1

Ko(rwrw) Ko(yy) ry 21

where J, and K, are Bessel functions,x, =Vv1-b, and 7y =Vb.
Knowing the mode shape, we can then use Eq. (4-21) to find the scattering
loss, ag.

(4-24)

In Figure 4-9, we plot using solid lines the scattering loss (for abrupt, circular
apertures) vs. the Fresnel number, F for different values of the phase shift per

pass, &,
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Figure 4-9: Results of the single-pass coupling-loss estimate for
scattering loss for laterally abrupt apertures. The estimate
only depends on two parameters: the Fresnel number of the
cavity (plotted along the x-axis) and the effective single pass
phase shift of the aperture, ¢. For reference, the radius, a, of
the abrupt aperture is specified along the upper axis for the
parameters given. Using those same parameters we have also
given the index step, 4ng shown in parenthesis. The solid
lines show the result of Eq. (4-21) and the dashed lines are
calculated from an approximate fitting function, Eq. (4-25).
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To get a feel for the Fresnel number, we have included a scale of the aperture
radius along the upper axis (for the particular set of parameters given at the top
of the graph). These same parameters yield ¢=0.442 when An,=0.06. For a
large Fresnel number, we see the scattering losses decrease. The larger Fresnel
number can be obtained from a shorter cavity length, an increased aperture
size, or a shorter wavelength. In either case the mode diffracts less, and the
losses are lowered. Alternatively, as the optical strength of the aperture is
decreased (i.e. ¢, is lowered), then the scattering losses also decrease. A less
intuitive feature of the plot is that for small ¢ and small F, the scattering loss
tends to zero. In this region, the waveguide becomes so weak that further
shrinking of the aperture size widens the mode, decreasing the amount of
diffraction.

We can add curves in Figure 4-9, to cover many more values of ¢, and
subsequently fit those curves to a functional form. We can then obtain a
formula for the scattering loss of the lowest order mode of abrupt, circular
apertures:

1.19

ag (% per pass) = 2.28 @1 3 exp{— 0;2‘6} (4-25)
The dashed lines in Figure 4-9 show the results of Eq. (4-25). This formula
matches the results of Eq. (4-21) extremely well for the smaller values of ¢,
although at higher values the formula begins to deviate from Eq. (4-21). Given
the correspondence between the step-index uniform waveguide and the
periodic waveguide with an abrupt aperture, we can also express Eq. (4-25) in
terms of the ¥ number using the relation in Eq. (4-23):

26 2

. 0" 2.59
ag (/operpass)=6l.2V expsy — ” (4-26)

This analysis can also be extended to higher order modes to determine the
mode suppression ratio created by scattering losses as done by Dan Lofgreen
(unpublished). The main conclusion of such analysis is that to obtain a
significant mode suppression ratio (~30dB), the lowest order mode also must
suffer severe scattering losses.
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Analysis of Tapered Apertures

To estimate losses for cavities with tapered apertures, we would like to find the
mode of an axially uniform waveguide with a tapered index profile and then
use Eq. (4-21) to estimate the loss. Unfortunately, performing such a
calculation may not be much easier than directly using the iterative method
described in the next section. One can instead use a cruder estimate for the
mode to calculate the loss. As mentioned before, the first order error in the
mode will lead to only a second order error in the losses. Although using a
Bessel function (the mode of a step-index uniform circular waveguide) in
combination with a linearly tapered aperture yields lower losses than for an
abrupt aperture, the loss is significantly higher than found using the iterative
model (as we will discuss). Because the loss is so low the second order errors
for this “cruder” estimate are significant, and to obtain greater accuracy one is
forced to use the iterative method or to find the uniform waveguide mode.

Comparison with measured losses for
VCSELSs with abrupt apertures

Given the ease of determining the scattering loss for abrupt apertures in
different structures, we can use the model to explain experimental results. In
Figure 4-10, we compare the theoretical predictions to experiment for a variety
of designs with abrupt apertures. We consider three different 980nm oxide-
apertured VCSELs. (In Chapter 6, we will analyze experimental results for
VCSELs with tapered apertures.) The experimental data for the scattering loss
are extracted from the dependence of the differential efficiency on the aperture
size [15, 20]. One uses an inverted form of Eq. (4-17) '

g =N 4 _a, - 5(-"—"-1)—% (4-27)
2\ Mex ,

To use the above relation, one calculates a value for the output mirror
transmission, T, and determines o, by assuming that as=0 for large area
devices. One must also estimate 1, by some means (such as from in-plane laser
measurements) and assume it does not vary with device size. We will discuss
this issue further in the next chapter, but what is expected in theory and
supported by experimental evidence is that the injection efficiency is
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essentially constant with size (at least when the excesses loss is low) even with
lateral current and carrier leakage increasing the threshold current. In some
ways, the arguments are self-supporting because we will assume that the
injection efficiency does not vary with size and see if we can explain the
experimentally observed drop in slope efficiency from our estimate of the
scattering losses.

The size of the devices (presented in Ref. [16] and Ref. [15]) were first
estimated from an optical microscope image of test patterns on the sample.
Then to obtain more precise results the spacing (in wavelength) of the lateral
modes was measured for the particular device under test. The uniform
waveguide approximation [14] was then used to determine the device radius
which would produce that same wavelength spacing. The method is accurate
to within 5-10% and works better for smaller size devices in which the
wavelength separation is larger.

The first VCL has AlGaAs/GaAs mirrors and a 80nm oxide aperture. A full
description of the structure can be found in [16]. Assuming a spacer
completely of index of n;=3.21, we calculate a cavity length of L¢/
n,=0.483um (F=4.8 at a=1.5pm) taking into account the extra A/2 spacer and
grading using the method specified in Appendix B. We show the calculated
loss for the case of an oxide aperture in the structure, which has a Ang=0.055
and, consequently, ¢,=0.547. And we show the case in which air is used
instead of the oxide, yielding, Angz=0.068, and consequently, 4,=0.676. Even if
the aperture were air instead of oxide, the predicted losses are not significantly
higher despite the larger index step.

The second VCL also has AlGaAs/GaAs DBR mirrors, but with a thinner
30nm oxide aperture [15]. The thinner oxide leads to a lower Ang=0.02 and
#=0.174. The shorter cavity length of L/ n,=0.423um (F=5.4 at a=1.5 pm) is
due to using a higher aluminum mole fraction in the top DBR.

The third set of data corresponds to a 47nm thick oxide layer in a A/2 spacer
region with a MgF/ZnSe top mirror. The loss was extracted from differential
efficiencies in Ref. [21] assuming 7;=0.8. Despite the variation in the data at
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the smaller size, the losses are still significantly lower than those predicted for
the device with the 80nm thick oxide, and in the neighborhood of the
theoretical prediction. The high contrast mirrors and short spacer, lead to a
very short cavity length of L/ n,=0.30um (F=7.7 at a=1.5um). The aperture
position (near a standing-wave null) keeps the index step Ang=0.023 roughly
the same as the device with the 30nm thick oxide.
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Figure 4-10: Comparison of the single pass estimate with experimental
results with 980nm oxide-apertured vertical-cavity lasers. The
data indicated by solid black squares is from Ref. [16]. The -
device has an 80nm thick oxide aperture and AlGaAs/GaAs
mirrors. The two upper theoretical curves with #=0.676 and
#=0.547, respectively correspond to 80nm thick air and oxide
apertures in that device.
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The curve with ¢,=0.174 and a slightly shorter cavity length
corresponds to the data (indicated by the circles) for a device
with a 30nm oxide aperture and AlGaAs/GaAs mirrors from
Ref. [15]. The lowest curve using the shortest cavity length,
Lc/ng=0.3um and #$=0.129, corresponds to data (indicated by
the four-square pattern) from Ref, [21] That device has a
MgF/ZnSe top DBR and a A2 cavity. The variation in cavity
length in the different devices is inversely proportional to the
Fresnel number which at radius g=1.5 um, varies from F=4.§
for the upper two curves to F=5.4 and F=7.7 for the lower two
curves,

The data show scattering losses close to, but generally higher than that
predicted theoretically. Although we have not compared directly to the more
accurate iterative model, the single pass estimate will yield only a small
overestimate of the losses, ‘

The extracted losses being somewhat higher than theoretically expected may
come from a lower slope efficiency due to heating in the smallest devices.
Heating will lower the injection efficiency, but that effect is smaller than the
roll-over created by the increasing threshold with temperature. In the devices
with high loss, the injection efficiency could g0 down due to the increase in the
carrier concentration in the active region necessary to create the higher gain.
The higher than expected loss also may actually come from optical loss. The
oxide could have excess roughness and create excess scattering, or the oxide
- could simply absorb light. However, this second loss mechanism, we wij] soon
show is extremely small. Despite these discrepancies, the mode] provides a
reasonable match with data and justifies the hypothesis that thinner (optically
weaker) apertures and shorter cavities are enabling the scaling of the
differential efficiency in actual devices,

Aperture Absorptive losses:

The aperture can absorb as well as scatter light creating additional size
dependent losses. For oxides of AlGaAs, the material absorption is small
enough around A=1um that accurate measurements of it have not been made,
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but a relatively high upper bound on the absorption is co=100cm™[22, 23]
which is the measurable absorption in the UV from ellipsometry of thin films
and estimated absorption in in-plane waveguides at 1um[24]. Even with an
absorption this high, the loss per 